The Pm3m-Fm3m transformation and phase equilibrium in solid solutions of CsC1 with KC1, RbC1, and CsBr by Weyand, John David
Scholars' Mine 
Masters Theses Student Theses and Dissertations 
1971 
The Pm3m-Fm3m transformation and phase equilibrium in solid 
solutions of CsC1 with KC1, RbC1, and CsBr 
John David Weyand 
Follow this and additional works at: https://scholarsmine.mst.edu/masters_theses 
 Part of the Ceramic Materials Commons 
Department: 
Recommended Citation 
Weyand, John David, "The Pm3m-Fm3m transformation and phase equilibrium in solid solutions of CsC1 
with KC1, RbC1, and CsBr" (1971). Masters Theses. 6738. 
https://scholarsmine.mst.edu/masters_theses/6738 
This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This 
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the 
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu. 
THE Pm3m-Fm3m TRANSFORMATION AND PHASE 
EQUILIBRIUM IN SOLID SOLUTIONS OF 
CsCl WITH KCl, RbCl, AND CsBr 
by 
JOHN DAVID WEYAND, 1939-
A DISSERTATION 
Presented to the Faculty of the Graduate School of the 
UNIVERSITY OF MISSOURI - ROLLA 
In Partial Fulfillment of the Requirements for the Degree 





Thermal expansion and the Pm3m t Fm3m transition 
of cesium chloride have been studied with high temp-
erature diffractometry, differential thermal analysis, 
and heating and quenching techniques. 
The onset temperature of the transition in pure 
CsCl, on heating, is 47l°C. There are no observable 
premonitory effects below the transition temperature 
and no apparent structural relationships between the 
polymorphs is apparent. Both phases coexist over a 
20° to 50°C temperature range and equilibrium thermal 
hysteresis occurs on heating and cooling. Hysteresis 
behavior is explained by addition of strain energy 
parameters to the free energy function. Initiation of 
the Pm3m t Fm3m transformation is probably related to 
generation of defects, primarily Schottky vacancies. 
The effects of addition of impurities on thermal 
hysteresis were studied. KCl and RbCl increase the 
width of thermal hysteresis loops and decrease the onset 
temperature of the transformation. CsBr increases the 
onset temperature of the transformation but has little 
effect on the width of the thermal hysteresis loop. 
Phase equilibria of the systems CsCl-KCl, CsCl-RbCl, 
and CsCl-CsBr were studied in detail. Addition of two 
mole percent KCl decreases the transformation temperature 
to 315 ± l0°C; addition of 14% RbCl decreases the trans-
ii 
formation temperature to 260° ± l0°C. Miscibility gaps 
exist in both the CsCl-KCl and CsCl-RbCl systems with 
iii 
a consolute temperature of about 470°C. Solid solubility 
is greater in the CsCl-RbCl system than in the CsCl-KCl 
system. The CsCl-CsBr system exhibits complete solid 
solution at all temperatures. Addition of 60% CsBr 
increases the transformation temperature to the solidus 
temperature of 610°C. Liquidus curves in the systems 
CsCl with KCl, RbCl, and CsBr were found to agree reason-
ably well with reported values. 
The systems CsCl-NaCl, CsCl-KI, CsCl-Rbi, and CsCl-
Csi were investigated partially. The CsCl-NaCl system 
has a eutectic with very little solid solubility; the 
transformation temperature was decreased by approximately 
5°C. The CsCl-KI and CsCl-Rbi systems are pseudo-binary 
with exchange reaction products, Csi and KCl or Csi 
and RbCl, the stable phases. The transformation tempera-
ture is decreased to approximately 300°C in the presence 
of the reaction products. The CsCl-Csi system has a 
eutectic with maximum solid solubilitv of less than 10% 
in the CsCl end member and 12% in the Csi end member. 
The transformation temperature is decreased to approxi-
mately 404°C in the presence of Csi. 
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I. INTRODUCTION 
The alkali halide salts occur in two crystal 
modifications, simple cubic (Pm3m) and face centered 
cubic (Fm3m) . The cesium salts, except for CsF, occur 
with the Pm3m crystal structure. CsCl is the only 
alkali halide to undergo a reversible polymorphic 
transformation at ordinary pressure (one atmosphere) 
however, over half of the other alkali halides undergo 
phase transformations with varying temperatures and 
1 pressures. 
The Pm3m ~ Fm3m phase transformation of CsCl has 
been the subject of many investigations since the 
transformation was first reported in 1910 by Zhemchuzhnui 
2 
and Rambach. Many methods have been employed to study 
2 3 the transformation including: cooling curves, ' heat-
. 
4 d d'ff . 5-ll . 1 lng curves, X-ray pow er l ractlon, X-ray Slng e 
1 h . 12 1 . 13-15 d. ff . 1 crysta tee nlques, ca orlmetry, l erentla 
1 
6 9 10 16 . . 17 18 thermal analysis (DTA), ' ' ' electron dlffractlon, ' 
d 'ff . 19 . . d' 20,21 rare gas l uslon, lsotope emanatlon stu les, 
and ionic conductivity studies~ 6 ,lS,l 9 , 22 - 28 The re-
sults of these investigations have not been in agree-
ment,with reported values for the CsCl transformation 
temperature varying from 445 to 480°C. 
Although there have been many investigations, the 
characteristics of the Pm3m ~ Fm3m transformation in 
CsCl are not yet fully understood. Very few investi-
gators have studied the thermal hysteresis of the 
transformation or adequately explained the trigger-
ing mechanism. 
The effects of several impurities on the CsCl 
Pm3m ~ Fm3m transformation have been investigated and 
. 2 6-10 12 16 28 12 reported prev1ously. ' ' ' ' Ubbelohde re-
ported that one mole percent of KCl and RbCl added to 
CsCl lowers the transformation temperature l°C. 
Zhemchuzhnui and Rarnbach, 2 using cooling curves, 
reported a decrease of the transformation temperature 
by l4°C with addition of 11.5 mole percent KCl and 
l8°C with addition of 12 mole percent RbCl. Further 
additions of KCl and RbCl resulted in an undetectable 
transition temperature. Rao et al. 9 ' 10 determined from 
DTA and X-ray studies that 2.5 mole percent KCl lowers 
the Pm3m + Fm3m transformation 9°C and that further 
additions, up to 25 mole percent, do not lower the 
transition temperature with additional KCl resulting 
in an undetectable transformation. They also found 
that up to 30 mole percent addition of RbCl to CsCl 
decreases the transition temperature approximately 
69°C and further additions prevent a detectable trans-
formation. Wood et al. 7 ' 8 found that additions of 
2 
RbCl to CsCl lowered the transformation temperature, 1vith 
50 mole percent decreasing the temperature approximately 
250°C. Arends et al. 16 ' 28 found that additions of KCl 
and RbCl to CsCl decreased the transformation temperature, 
although they did not agree with the earlier results 
of Wood and Rao. 
I th C Cl C B t 1 . . 6,9, n e s - s r sys em severa 1nvest1gators 
10 16 20 
' ' have reported that CsBr increases the trans-
formation temperature of CsCl. In fact, the transfor-
mation temperature is increased to the approximate 
solidus temperature of 610°C for the 40 mol% CsCl-60 mol% 
CsBr mixture. 
Complete phase equilibria of the systems CsCl-KCl, 
CsCl-RbCl, and CsCl-CsBr have not been reported in 
the literature. Liquidus and solidus curves have been 
determined for CsCl-KCl and CsCl-RbCl by Zhemchuzhnui 
and Rambach. 2 
The purposes of this study are twofold. The first 
is to characterize the Pm3m ~ Fm3m transformation in 
CsCl as to thermal expansion behavior of the two phases, 
thermal hysteresis, temperatures of coexistence of the 
phases, and possible mechanisms for the CsCl transfor-
mation. 
The second area of study deals with phase equilibria 
1n the systems CsCl-KCl, CsCl-RbCl, CsCl-CsBr, and 
related systems. The sub-solidus regions of the phase 
diagrams of these three systems were completed during 
this investigation. Experimental methods included 
X-ray diffraction, high temperature X-ray diffraction, 
and differential thermal analysis (DTA). 
3 
II. EXPERIMENTAL PROCEDURE 
A. Specimen Preparation 
CsCl for this investigation was obtained from 
Fisher Scientific Company (99.9% CsCl), Matheson, 
Coleman, and Bell (99 + % CsCl), and Apache Chemical, 
Inc. (99.999% CsCl). An independent laboratory 
spectrochemical analysis of the CsCl supplied by Fisher 
Scientific and Matheson, Coleman, and Bell is given in 
Appendix A. KCl was obtained from Fisher Scientific 
Co. and Apache Chemical, Inc. CsBr was supplied by 
Matheson, Coleman, and Bell and Apache Chemical. RbCl 
from the Research Organic/Inorganic Chemical Corp. 
(ROC/RIC) and Apache Chemical, Inc. was used in this 
4 
study. Further chemicals for exploratory phase equilibria 
studies, including Csi, KI, and Rbi, were obtained from 
Apache Chemical, Inc. Purity specifications for all 
chemicals are listed in ~ppendix A. 
Three gram samples were prepared for phase equilib-
ria studies by weighing dry halides to the nearest 
± 0.1 mg. The samples were heated to fusion temp-
eratures (600-800°C) in open fused quartz crucibles or 
sealed Vycor ampoules. After fusion, samples were 
held at temperature for 10 minutes in open crucibles, 
or one hour in sealed ampoules, and then air quenched 
to room temperature. Twelve hour anneal cycles at 
subsolidus temperatures were conducted on samples sealed 
in vycor ampoules in preparation for X-ray and DTA 
studies. The samples were ground with an agate mortar 
and pestle to approximately minus 200 mesh for X-ray 
and DTA studies. 
5 
Compositions, fusion temperatures, and annealing 
temperatures employed in preparation of phase equilibria 
samples of CsCl with KCl, RbCl, and CsBr are listed in 
Tables I-III. Similar data are listed in Tables CI and c-
II, Appendix C, for CsCl-KCl and CsCl-CsBr phase 
equilibria samples prepared in open fused quartz crucibles. 
Samples listed in Table IV were prepared for explor-
atory studies in the systems: CsCl-NaCl, CsCl-KI, CsCl-
Rbi, and CsCl-Csi. 
TABLE I 
CsCl-KCl Compositions and Heat Treatments(a) 
Sample Composition Fusion Temp. Annealing 
No. (mole % CsCl) oc Temp. oc 
1 99.48 900 500 
2 98.49 753 495 
3 96.81 900 500 
4 95.03 753 495 
5 93.99 900 500 
6 91.86 753 495 
7 90.84 753 495 
8 89.96 900 500 
9 85.00 820 540 
10 80.00 857 543 
11 70.00 857 543 
12 60.00 857 543 
13 49.99 820 540 
14 40.00 857 543 
15 29.99 820 540 
16 20.00 857 543 
17 10.00 820 540 
18 6.00 820 540 
19 2.00 846 495 




CsCl-RbCl Compositions and Heat Treatments(a) 
Sample Composition Fusion Temp. Annealing 
No. (mole % CsCl) oc Temp. 
1 97.91 767 
2 96.02 761 
3 93.99 76 7 
4 91.96 761 
5 88.85 787 
6 85.9 7 767 
7 79.97 76 7 
8 69.96 767 
9 59.97 773 
10 49.97 773 
11 40.00 773 
12 29.76 773 
13 20.04 773 
14 10.16 773 
(a) Apache CsCl (999.99%) used in all samples; 
Apache RbCl (99.9%) used in Nos. 2, 4, 5; 



















CsCl-CsBr Compositons and Heat Treatments(a) 
Sample Composition Fusion Temp. 
No. (mole % CsCl) oc 
1 90.12 690 
2 80.00 690 
3 70.02 690 
4 60.02 690 
5 50.02 690 
6 39.98 690 
7 30.03 690 
8 19.95 690 
9 9.98 690 
(a) Apache Chemicals, Specifications: 














Exploratory CsCl-NaCl, (a) CsCl-KI, (b) CsCl-Rbi, (b) and 
CsCl-Csi{b) Sample Compositions and Heat Treatments 
9 
Series Sample Composition Fusion Temp. Annealing 
No. (mole % CsCl) oc Temp. 
CsCl-NaCl l 97.63 719 
2 92.02 719 
CsCl-KI l 95.08 686 
2 89.72 686 
3 70.00 600 
4 49.94 686 
5 29.91 6 86 
6 8.74 686 
CsCl-Rbi l 94.89 664 
2 90.55 664 
3 69.93 775 
4 49.96 664 
5 29.99 664 
6 9.97 664 
CsCl-Csi l 89.62 710 
2 69.94 710 
3 50.01 710 
4 29.27 710 
5 12.18 710 
(a) CsCl (99.9%) from MC&B, NaCl from Fisher. 
(b) CsCl (99.999%), KI (99.998%), Rbi (99.9%), 





















B. X-ray Diffraction 
Two high temperature X-ray furnace units Here used 
for this study. The first was a platinum resistance 
strip-heater mounted on a Norelco Wide Range Goniometer. 
The operation and description of this high-temperature 
X-ray diffractometer attachment has been described 
29 in detail by Maurer and Ackermann. Figure 1 is a 
schematic drawing of the apparatus, demonstrating the 
important features of the instrument. The platinum 
heater is aligned on the goniometer axis so that the 
plane of the specimen is at all angles in the correct 
geometric position for accurate determination of 28 
values. Alignment of the specimen can be achieved very 
readily by using the platinum strip-heater as the "inter-
nal standard." By using the published lattice constant 
for platinum at 25°C 
0 30 (3.9231 A), and the linear 
coefficient of thermal expansion (10.2 x 10-6 deg- 1 ) 31 
the correct 28 value for any platinum (hkl) line can 
be calculated for the temperature of measurement. Thus 
expansion or contraction of the platinum strip-heater 
can be compensated for by the alignment mechanisms. 
The temperature control of the resistance heater is 
10 
Two thermocouples, 0.002 in diameter Pt/Pt-10% Rh 
were attached to the heater surface; one to monitor the 
temperature directly by use of a potentiometer and the 
second to provide the emf for the temperature control 
11 
FIGURE 1 
STRIP FURNACE, HIGH TEMPERATURE DIFFRACTOMETER 
ATTACHMENT. Elevation, rotation, and azimuthal 














system. The accuracy of the temperature control has 
been checked by observing the a-S transformation temp-
erature of quartz to be 575 ± 1oc32 which agrees with 
that reported in the literature. 33 The temperature 
control accuracy was also checked by measurement of 
melting points of a number of halides. 
Hinus 400 mesh CsCl from Matheson, Coleman, and 
Bell was deposited on the platinum resistance strip-
heater by coating the heater with an oil suspension of 
CsCl and then evaporating the oil,yielding a sample 
less than 0.001" thick. The CsCl was aligned at each 
temperature by observing the (200) reflection of platinum 
through the thin deposit of CsCl. Thermal expansion of 
CsCl was determined by measuring the 28 value of the 
(110) , (111), and (200) lines of the Pm3m phase and the 
(200) line of the Fm3m phase. Copper Ka radiation was 
used with a scanning rate of 1/8° 28 per minute for all 
observations. 
Additional thermal expansion measurements, thermal 
hysteresis studies, and phase equilibria studies were 
made using an E & A Refractex I high-temperature diffrac-
tion unit made by Electronics & Alloys Inc., Englewood, 
N.J. This unit was mounted on a XRD-7 recording diffracto-
meter manufactured by General Electric Co., Schenectady, 
N.Y. The high-temperature diffraction unit was powered 
by a saturable core reactor and a digital set-point con-
troller. Platinum resistance winding surrounding a 
stainless steel recessed sample holder heated the pmvder 
packed in the holder. The holder was lined with aluminum 
foil to prevent degradation of the sample and sample 
holder and a sample diffracting area of 0.5 in. diameter 
was exposed to Copper Ka radiation. The sample holder 
was mounted on a stainless steel cylinder which shielded 
the controller thermocouple placed in back of the sample 
holder. The temperature monitoring, 0.010 in. diameter, 
Pt/Pt-13% Rh thermocouple, was placed through an opening 
in the center of the sample holder so that the thermo-
couple junction was flush with the center of the sample 
diffracting surface. Figure 2 is a schematic drawing 
of the high-temperature recessed sample holder in the 
furnace unit. 
Thermal hysteresis and phase equilibria studies 
were conducted without the use of an internal standard. 
The samples were scanned at the rate of 2° 28 per minute 
with a recording chart speed of 24 in. per hour. The 
28 scans were from 20 to 60° 28. The thermal hysteresis 
and phase equilibria studies were conducted by monitor-
ing the 28 values of the (100), ( 110) , (111) , (200) , and 
(210) lines of the Pm3m phase and the (111), (200), 
(220), (311) and (222) lines of the Fm3m phase or phases. 
The samples were allowed to equilibrate at each te~p­
erature for at least 10 minutes to allow approach to 
13 
FIGURE 2 
E & A REFRACTEX I HIGH-TEMPERATURE DIFFRACTION 
UNIT. Note placement of sample thermocouple 
with bead of thermocouple flush with surface of 
specimen. Control thermocouple is located be-



















equilibrium sample conditions. Temperatures were 
held constant (± 5°C) for 10-12 hours during the phase 
equilibria studies to insure that equilibrium was 
being approached. 
Some thermal expansion measurements were conducted 
using the E & A furnace. The MgO was intimately mixed 
with the CsCl or CsCl-KCl sample to serve as an inter-
nal standard. The (200) line of MgO (42.94° at 25°C) 3 4 
was used. Thermal expansion of MgO fits the curve 
expressed by the following equation: 35 
% Expansion 
3 6 2 t,.t 
= [11.66+3.8Bxl0 (6t)-0.183xl0 (t,.t) J 10 4 
Corrections for thermal expansion were obtained from 
the curve and correct 28 values were assigned to the 
CsCl lines. 
C. Differential Thermal Analysis 
All differential thermal analysis (DTA) samples 
were run on an R. L. Stone DTA KA-H recorder-controller 
assembly using an F-lC furnace. A dynamic heating rate 
of l0°C per minute with either the SH-11BR2-INZ micro 
sample holder or the SH-11BP2-INZ cup sample holder was 
employed. It was determined during the course of this 
investigation that the halides corroded chromel-alumel 
and Platinel thermocouples employed in the micro sample 
holder and the stainless steel, nickel, or inconel cups; 
platinum thermocouples and cups were found to be inert 
15 
to the CsCl halides and were used for all work. Reagent 
grade anhydrous Al 2o 3 was used as a standard for all 
DTA runs. Base line drift was avoided by balancing the 
CsCl samples with the Al 2o3 standard (equal portions 
by volume). Samples were heated at l0°C/min to above 
fusion temperatures and then cooled at l0°C/min. Transi-
tion and solidus temperatures were thus obtained on 
heating and liquidus and transition temperatures were 
obtained on cooling. Event temperatures were determined 
by noting temperatures at which endothermic or exother-
mic peaks departed from the base line trace. The 
differential temperature was plotted on a strip chart 
at a 6T sensitivity of 40 to 80 ~V per inch. 
16 
III. RESULTS 
A. CsCl Thermal Expansion and Pm3m ~ Fm3m Transformation 
Measurement of the lattice constants of the CsCl 
polymorphs was carried out over a temperature range of 
The three reflections (110) , (111) , and 
(200) were used to evaluate the lattice parameter of 
the Pm3m phase and the (200) reflection was used in 
determination of the Fm3m lattice parameter. The d-
spacing, lattice parameter, and nearest neighbor versus 
temperature results using the platinum resistance strip-
heater, CuKa radiation and a scanning rate of 1/8° 28 
per minute are shown in Figures 3, 4, and 5. Original 
data from which these figures were drawn are contained 
in Appendix B. 
The Pm3m lattice is shown to expand in a normal 
manner to the transformation temperature region of 470° 
An interpolation polynomial, determined by 
least squares, that fits the heating and cooling data 
to 471°C can be expressed by the equation: 
The thermal expansion results for the Pm3m phase are 
directly comparable with those of Menary, Ubbelohde, and 
12 Woodward, who determined the thermal expansion of a 
single crystal of CsCl by high temperature X-ray methods. 




CsCl INTERPLANAR SPACINGS VERSUS TEI'1PERATURE. 
Data obtained from platinum resistance strip 
heater. Closed circles represent heating and 
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CsCl LATTICE PARAMETERS VERSUS TEMPERATURE. 
Calculated from interplanar spacings shown 
in Figure 3. Closed circles represent heating 




















CsCl NEAREST NEIGHBOR DISTANCES VERSUS TE.!'-1P-
ERATURE. Calculated from interplanar spacings 
shown in Figure 3. Closed circles represent 
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this study and those of I'-1enary et al. was the room temp-
erature lattice parameter. They reported a value of 
0 0 
4.1180 ± .0005 A, as compared to 4.1244 A for this study. 
36 0 Swanson and Fuyat reported a value of 4.1230 A for 
the lattice parameter. 
The results do not indicate significant premonitory 
effects prior to the transformation. There appears to 
be a slight turning up of the d 200 expansion while the 
other expansions are essentially normal in this region. 
12 Menary et al. also did not see premonitory effects, 
in contrast to the observations of Wagner and Lippert 5 
d f 1 . 17 an o Mor ln. 
The onset of the transformation was observed to be 
This compares closely to the results obtained 
12 by Menary et al. . h 1 14 Smlt et a . 
.f\.rell et al. 15 .. .. 11 (470°C), Poyhonen and Ruuskanen 
and others. 6 - 8 , 23 
(469°C) 
The low temperature Pm3m phase persisted to ~495°C. 
Thus the two polymorphic forms of CsCl coexisted over a 
temperature range of 25°C. Prolonged heating within this 
temperature region did not eliminate the Pm3m form. 
The Fm3m phase thermal expansion was measured to 
This is 20°C below the reported CsCl melting 
point of 645°c. 37 Thermal contraction of the Fm3m phase 
was measured on cooling to 520°C. Thermal expansion of 
the Fm3m phase based on heating and cooling data, can be 
expressed by the linear equation: 
21 
a 0 (Fm3m) = 6.9298 + 3.4600 x l0- 4T 
The linear thermal expansion coefficient, a(T), 
for both Pm3m and Fm3m phases of CsCl can be determined 
from the results of several investigators. A comparison 
of these values for a(T) is given in Table V. The 
results of this work compare closely to those of Menary 
et a1. 12 for the Prn3m phase and to Christian and Lynch38 
for the Fm3m phase. 
The onset of development of the Pm3m phase on 
cooling was at 465°C. The Fm3m phase persisted to 
below 420°C on cooling. Thus heating and cooling cycles 
through the transformation produce a thermal hysteresis 
loop in the development of CsCl phases. Figure 6 is a 
representative hysteresis loop obtained with the strip-
22 
heater. Hysteresis loops are well documented in many solid-
solid transforrnations 39 and have been reported in CsC1. 16 ' 
27,28 Further investigations of the hysteresis phenomenon 
in CsCl are discussed in Section B. 
Figures 3, 4, and 5 demonstrate behavior of the 
lattice constants in the temperature region of coexistence 
of the CsCl phases. Expansion of the Prn3m phase is 
retarded through the transformation. The Fm3m lattice 
0 
parameter reaches a constant value of ~7.087 A on cooling 
through the transformation. 
Other structural variables, calculated from the 
strip-heater thermal expansion data and included in 
23 
TABLE V 
Linear Thermal-Expansion Coefficients 
Temp. (xl0
5 )* 
Investigator Range ( 0 c) a o' Pm3m a o' Fm3m 
Wagner and 80-190 5.5 
. 5 Llppert 360-430 6.8 
460-530 6.05 
Me nary et. al. 12 50-150 4.98 
420-463 6.35 
Christian and 50-150 4.78 
Lynch 38 570-590 5.1 
Poyhonen and 395-438 6.1 
Ruuskanen 11 438-467 7.4 
480-508 10.1 
This Work 50-150 4.95 
420-470 6.54 
500-600 4.98 
* a(T) = 6.2/2(T) 6.T 
where: T = average temperature 
6.T = temperature interval 
2 = lattice constant 
measured 




CsCl THERMAL HYSTERESIS LOOP. Figure rep-
resents typical hysteresis loop obtained using 
platinum resistance - strip heater. Closed 





















Appendix B, are density (p) lattice energy (Ex) unit 
cell volume (V) and percent change in nearest neighbor 
distances. The volume and percent change in nearest 
neighbor distances are directly calculated from the 
thermal expansion measurements. The density, of course, 
is calculated from the volume, formular weight, formular 
units, and Avogadro's number. The lattice energy was 





= Cs-Cl nearest neighbor distance 
A = Madelung constant 
(1.762670 for CsCl Structure) 
(1.747558 for NaCl Structure) 
e = electronic charge 
4.8030 x lo- 10 esu 
r/p = 9Vr0 
Ae 2K 
v = Volume 
K = Compressibility 
The equation is oversimplified; it does not include 
van der Waals forces and applies only to static crystals. 
The value for the compressibility constant is not known 
accurately for the Fm3m phase. Using the same compressi-
bility constant for both phases, 5.55 x l0- 12 cm 2 dyne- 1 , 
a difference of -1.59 Kcal is obtained for the energy of 
transformation at 47l°C. 
Recently more sophisticated lattice energy models 
have been used for theoretical calculations. 41 These 
calculations have led to better agreement with direct 
and indirect experimental determination of transition 
energy results. Recent experiments place the transi-
13-15 41 42 
tion energy at ~700 cal/mole. ' ' 
The change in volume accompanying the transition 
from the Pm3m phase to the Fm3m phase is 17.63 %, in 
close agreement with the data of Poyhonen and Ruuskanen 
(17.4%) 11 and with Johnson et al. (17.6%). 43 
Thermograms from DTA studies of "pure" CsCl are 
shown in Figure 7. Identical instrumental methods were 
used to obtain these traces from CsCl from three 
suppliers. Thermograms 1, 2, and 3 are representative 
CsCl samples supplied by Fisher, MC&B, and Apache, res-
pectively. The thermograms show the Pm3m 7 Fm3m trans-
formation beginning at 459° for CsCl from Fisher and at 
480° for CsCl from MC&B and Apache. The results are 
about l0°C higher than high-temperature X-ray deter-
minations for the MC&B and Apache material and about 
l0°C low for the Fisher material. The melting points 
as determined on cooling (646°, 647°C) agree \vell with 
a recent reported value of 645°c. 37 The value of 480°C 
for the a-S transformation agrees \..,rell with the results 
( ) d h . 9,10 of Rao et al. 479°C who also use DTA tee n1ques. 
26 
The value 459°C for the Fisher CsCl may be low because of 
27 
FIGURE 7 
DTA THERMOGRAMS FOR CsCl. Traces were made 
using ring thermocouple DTA unit and platinum 
micro-dish sample holders. DTA event temp-
eratures are measured at first deviation from 
the base line. Therrnograms were obtained for 
both heating and cooling cycles. Deviations 
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FIC;URE 7 
the higher K+, and Rb+ level of the material (see 
Appendix A) . 
The Fm3m -~ Pm3m transformation on cooling is shown 
by the· thermograms to start at about 445°C. It was 
the experience of this investigator that this transfor-
mation temperature varied between about 475°to 400°C, 
depending on the sample, rate of cooling, and prior 
heat treatment. If the CsCl sample had not been melted 
but cooled from about 560°C the Fm3m ~ Pm3m transforma-
tion began at about 475° to 470°C, 5° to 10° below the 
onset of the Pm3m ~ Fm3m transformation on heating 
(Thermogram #4, Figure 7). The reason for this differ-
ence between samples that had been melted and those 
which had not is believed to be the strain and vacancy 
concentration introduced by melting and subsequent 
cooling. Further elaboration of this follows in the 
discussion section. 
Thermal expansion of CsCl was also investigated 
by using the Electronics and Alloys Inc. Refractex I 
high-temperature diffraction unit. 
and d 211 thermal expansions are shown in Figure 8. The 
internal standard was MgO and a scanning rate of 0.2° 28 
per minute was used. The results to 470° are comparable 
with those shown in Figure 3. The onset of the hiqh 
temperature Fm3m form did not occur below 520°C. The 
reason for this delay of the transformation is thought 




CsCl INTERPLANAR SPACINGS VERSUS TEMPERATURE 
(DATA FROM E & A UNIT) . Data obtained from 
Refractex I high temperature diffraction unit 
employing recessed sample holder and MgO as an 
internal standard. Open circles represent 
data obtained on heating. Dashed portion rep-
resents uncertainty in thermal expansion because 
of possible epitaxial deposition of Pm3rn CsCl 
on surfaces of the MgO internal standard. 
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of the low temperature Pm3m form on the surfaces of 
the MgO crystals. The room temperature lattice parameter 
0 34 of the Fm3m MgO, 4.213 A, compares closely with that of 
0 
the Pm3m phase, 4.1244 A. Because of this,meaningful 
thermal expansion measurements of the Fm3m phase were 
not possible with MgO as an internal standard. 
B. Effects of Impurities on Thermal Hysteresis of 
the Pm3m ~ Fm3m Transformation. 
30 
Thermal hysteresis of CsCl and of CsCl with additions 
of I~Cl, RbCl, and CsBr \vas studied ~vi th the Refractex I 
high temperature diffraction unit. Figures 9, 10, and 
11 are typical of the hysteresis loops resulting from 
these additions. The figures are plots of the intensity 
ratio of the high-temperature phase (200) line and low-
temperature (110) line in arbitrary units versus temp-
erature. The solid circles represent heating and the 
closed squares represent cooling. The thermal hysteresis 
for CsCl without additions is included in all three 
figures. 
Development of the high-temperature phase in CsCl 
started at 471° and was complete at 520°C. On cooling, 
the low temperature phase began to develop at 510° and 
was complete at 465°C. The results for this hysteresis 
loop are different than those reported previously (p. 22) 
for the strip-heater determination. The difference may 
be due to different sources of CsCl; MC&B material was 
31 
FIGURE 9 
THERMAL HYSTERESIS LOOPS IN THE SYSTEM CsCl-KCl. 
Data obtained using the E & A unit without use 
of internal standard. Closed circles represent 
heating and closed squares cooling. The hysteresis 
loop is obtained by plotting the ratio of the 
intensities (peak heights) of the Fm3m (200) 





















Cs.995 K.005 Cl 
l200 /1 
0 II 









used for the strip-heater determination and Apache 
material was used for subsequent work. Particle size 
differences in the two materials may have been significant 
in the results. The MC&B material used at Argonne was 
minus 400 mesh and the Apache material was minus 200 
mesh. 
Minor amounts of KCl added to the CsCl have a 
major effect on the onset of the transformation and on 
the transformation characteristics. The addition of 
0.5 mole % KCl reduced the temperature of the transfer-
mation to 454°C. Development of the high temperature 
phase v1as complete at about 496°C. On cooling the re-
verse transformation started at about 480° and was 
complete at about 440°C . 
. Addition of 3. 0 mole percent KCl lowered the trans-
formation to about 340°C on heating. Development of 
the high temperature phase was slow and was not complete 
until a temperature of about 495° had been reached. The 
low-temperature phase began to develop at about 350°C on 
cooling and was complete at about 250°C. 
Further additions of KCl did not lower the trans-
formation temperature of the CsCl a significant amount, 
as shown later by the phase equilibria data. With 
addition of 4.5 mole percent KCl the transformation 
started at about 340°C and was complete at about 490°C. 
The reverse transformation started at about 320° and was 
complete at about 180°C on cooling. 
Additions of RbCl to CsCl had an effect on the 
thermal hysteresis behavior of CsCl similar to addition 
of KCl. This is shown in Figure 10; additions of 2.0, 
33 
6.0 and 14.0 mole percent of RbCl widened the hysteresis 
curves significantly. The Pm3m + Fm3m transformation 
temperatures for 2, 6, and 14 mole percent RbCl were found 
to be about 455°, 380°, and 270°C, respectively. The 
Fm3m + Pm3m transformations temperatures were determined 
at approximately 411°, 332°, and 216° C. These tempera-
tures do not necessarily represent equilibrium temp-
eratures, however. The temperatures were determined by 
making fast scans (2° 28/min.) at constant temperatures 
in temperature regions where phase development was 
expected. When new phases were not developed at the 
set temperature the temperature was increased or decreased 
about l0°C to 30°C, depending on the sample. 
The effects of additions of CsBr, a Pm3m halide, have 
on the CsCl hysteresis loops are shown in Figure 11. The 
widths of the hysteresis loops remain essentially un-
changed, while the onset temperature of the CsCl trans-
formation is increased with additional CsBr. The onset 
temperatures for 10, 20, and 30 mole percent additions 
of CsBr are 490°, 487°, and 510° respectively for the 
transformation. Further additions, 40 and 50 mole percent 
CsBr, increase the temperature to 535° and 557°C. The 
transformation becomes difficult to study with further 
additions because the transformation temperature approaches 
34 
FIGURE 10 
THERMAL HYSTERESIS LOOPS IN THE SYSTEM CsCl-
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fusion temperatures. The onset temperatures of the Fm3m 
7 Pm3m transformation on cooling are 505°, 510°, 520°, 
and 550° for 10, 20, 30, and 40 mole percent additions 
of CsBr. 
C. Phase Equilibria Studies 
The phase equilibrium results of fairly extensive 
studies in the systems CsCl-KCl, CsCl-RbCl, and CsCl-CsBr 
are reported herein. Results from exploratory studies 
in the systems CsCl-NaCl, CsCl-KI, CsCl-Rbi, and CsCl-Csi 
are also reported. 
1. CsCl-KCl 
The event temperatures for this system as deter-
mined by DTA and high-temperature X-ray are contained in 
Table VI and Figure 12. Figure 13 presents data reported 
in the literature by Zhemchuzhnui et al., 2 Rao et al., 9 ' 10 
16 28 
and Arends et al. ' for the CsCl-KCl system. Results 
from an additional series of samples in this system are 
reported in Appendix c. 
Experimental points for the liquidus agree quite 
closely with those of Zhemchuzhnui (Figure 13). The 
solidus experimental points, however, are generally 
lower than those determined by Zhemchuzhnui from cooling 
curves. The DTA method is apparently more sensitive than 
the cooling curve method for determination of solidus 
temperatures. 
The addition of KCl to CsCl lowers the Pm3m + Fm3m 
TABLE VI 
Event Temperatures for the System CsCl-KCl 
(Apache Chemical, Inc. Chemicals) 
a-S Transition S-a Transition Pm3m 
ss 




Composition Heating Cooling Heating Heating Cooling 
(CsCl mole %) DTA X-ray DTA X-ray x-ray DTA DTA 
100 477 471 446 465 - - 653 
465 410 478 - 638 643 99.48 457 437 446 470 637 646 
98.49 435 (337) (329) 245 (424) 604 646 -325 355 355 608 641 
96.81 441 334 335 349 350 629 644 345 - 636 431 373 
358 334 249 250 643 650 95.03 340 - 616 653 35 3 253 
400 340 250 300 628 638 93.99 322 - 622 640 254 
89.96 326 320 624 644 323 - - - 615 630 w 
-...) 
TABLE VI (Cont.) 
a-B Transition 8-a Transition Pm3m + Fm3m Solidus Liquidus ss ss 
-+ Fm3m 
ss 
Composition Heating Cooling Heating Heating Heating 
(CsCl mole %) DTA X-ray DTA X-ray X-ray DTA DTA 
85.00 320 320 609 625 - - -317 621 625 
80.00 310 305 - - 340 612 618 
70.00 306 321 315 2 73 425 604 600 -317 605 609 
60.00 332 3 315 455 608 615 - -315 608 603 
49.99 30 7 315 - - 470 605 617 
30 8 310 460 611 643 40.00 - - 612 666 324 
29.99 314 310 - - 450 621 690 
20.00 328 310 440 626 720 326 - - 620 728 





(CsCl mole%) DTA X-ray 
6.00 312 315 
2.00 - 320 
0.00 - -
TABLE VI (Cont.) 
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CsCl-KCl PHASE DIAGRA...I\1 RESULTS. Liquidus, 
solidus, and transformation temperatures were 
determined by DTA. Transformation tempera-
tures and limits of solid solubility were 
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CsCl-KCl PHASE DIAGRAM-LITERATURE. Liquidus 
and solidus ta~peratures are from cooling 
curve data of Zhemchuzhnui et al. 2 Trans-
formation temperatures were determined by cool-
ing curve data (Zhemchuzhnui et al.) 2 
DTA (Rao et a1.?~0and ionic conductivity 
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transformation temperature to 315° ± l0°C in the two phase 
region of the diagram. The addition of about 1.5 mole 
percent KCl lowers the transition temperature to 350°C, 
as determined by high temperature X-ray methods. There 
is good agreement between X-ray and DTA results with 
additions of 10 or more percent KCl. However, there is 
not good agreement below 10 percent. The reason is 
not clearly understood. The high temperature X-ray 
method seems to be more sensitive and allows more time 
for the high temperature phase to develop. The results 
are clearly in disagreement with those of earlier in-
vestigations reporting temperatures of the phase trans-
. 2 9 10 16 9 10 forrnat1on. ' ' ' Rao et al. ' reported that the 
enthalpy of transformation, 6H, decreases with addition 
of KCl so that at or above 25% KCl there is no indica-
tion of the transformation. Although the DTA endothermic 
peak indicating the transformation becomes small, it 
was possible to determine the CsCl Pm3m ~ Fm3m trans-
formation temperature within the two phase region. 
Typical DTA thermograrns of the CsCl-KCl system are con-
tained in Appendix D, Figure D-1. 
The limits of the miscibility gap were determined 
by high-temperature X-ray methods. 
indicate the temperature range in which the boundary 
between the single phase and two phase regions occurs. 
The (200) lines of KCl and Fm3m CsCl were monitored at 
each temperature until these two lines united, indicating 
complete solid solution. Figure D-2, Appendix D con-
tains high-temperature X-ray patterns which were deter-
mined at several temperatures for the sample cs 0 . 5 K0 _5 
Cl. This figure illustrates the development of the 
high temperature CsCl phase and subsequent development of 
complete solid solution between Frn3rn CsCl and KCl. 
Figure 14 presents the thermal expansion of the KCl 
(200), Prn3rn CsCl (110), and Frn3rn CsCl (200) lines in the 
sample cs0 • 5 K0 _5 Cl. Thermal expansion of KCl and 
Prn3rn CsCl is normal to ~325°C. As the Frn3rn phase 
develops, expansion of KCl increases and that of the 
Frn3rn CsCl phase decreases as they begin to go into solid 
solution. The Prn3rn CsCl appears to expand linearly 
until it disappears. The internal standard was MgO 
and, because of anomalies attributed to epitaxial deposi-
tion on the MgO (page 25) , the thermal expansion run 
was terminated at 508°C. 
x-ray slow scans (0.2° 28/rnin.) at room temperature 
were conducted to check the lattice parameter versus 
composition. No significant change in lattice parameter 
was determined, indicating very limited solid solubility 
in this system at room temperature. 
2. CsCl-RbCl 
Event temperatures for this system are shown in 
Table VII and Figure 15. The experimental results as 




INTERPLANAR SPACINGS VERSUS TEMPEPATURE FOR 
THE COMPOSITION CsO.S KO.S Cl. Data obtained 
from E & A diffraction unit using MgO as an 
internal standard. 325°C denotes the temp-
erature of first appearance of the Fm3m (200} 
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Event Temperatures for the System CsCl-RbCl 
(CsCl-Apache Chemical, Inc., RbCl-ROC/RIC) 
a-S Transition S-a Transition Pm3m + Fm3m Solidus Liquidus ss ss 
+ Fm3m 
ss 
Composition Heating Cooling Heating Heating Heating 
(CsCl mole %) DTA X-ray DTA X-ray X-ray DTA DTA 
100 477 471 446 465 
- - 653 
97.91 451 460 411 ( 4 70) 642 648 ( 4 55) -
96.02 421 425 262 ( 43 0) 
- 620 641 
93.99 404 380 332 (380) - 636 656 
91.96 355 355 - ( 2 80) 
- 614 640 
88.85 - 285 - (160) 
85.97 357 ( 2 70) 216 (150) - 636 652 
79.97 356 250 86 - 415 644 648 
69.96 236 255 - - 440 6 39 659 
~ 
Ul 
TABLE VII (Cont.) 
a-S Transition S-a Transition 
Composition Heating Cooling 
(CsCl mole %) DTA X-ray DTA X-ray 
59.97 - 260 - -
49.97 - 255 - -
40.00 - 255 - -
29.76 - 250 - -
20.04 - 260 - -
10.16 - - - -
0.00 - - - -





































CsCl-RbCl PHASE DIAGRAM. Liquidus, solidus, 
and transformation temperatures were determined 
by DTA. Transformation temperatures and limits 
of solid solubility were determined by high-
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9 16 28 . 
al., and Arends et al. ' are 1llustrated by Figure 
16. 
The experimental liquidus and solidus temperatures 
of the diagram compare closely to those of Zhemchuzhnui 
2 
et al., indicating complete solid solution across the 
diagram. The minimum occurs at about 4% RbCl and 640°C 
48 
compared with 11.5% RbCl and 635°C obtained by Zhemchuzhnui 
et al. 
Addition of RbCl reduces the Pm3m ~ Fm3m trans-
formation temperature to 260° ± l0°C. The amount of RbCl 
necessary was determined at 14 percent and additions of 
90% RbCl resulted in stabilization of the Fm3m phase. 
ss 
These results also disagree with those found in the 
literature as is shown by Figure 16. Wood et a1. 7 ' 8 
employed high-temperature X-ray techniques but may not 
have allowed samples to come to equilibrium before measure-
ment. It was found by this author that many hours 
(24-48) were needed at room temperature after fusion 
before complete unmixing occurred. The other investiga-
tors used less sensitive methods, DTA and cooling curves, 
and may not have been able to determine the actual transi-
tion temperature. It was found during the course of 
this study that DTA thermograms did not indicate a Pm3m ~ 
Fm3m transformation with additions of more than 30% RbCl. 
Representative DTA thermograms of the CsCl-RbCl system are 
contained in Appendix D, Figure D-3. However, high temp-
49 
FIGURE 16 
CsCl-RbCl PHASE DIAGRAM-LITERATURE. Liquidus 
and solidus curves were determined from cooling 
curve data (Zhemchuzhnui et al.) . 2 Transforma-
tion temperatures were determined by cooling 
curves (Zhemchuznui et al.) , 2 X-ray diffraction 
(Wood et al.) ?' 8 DTA (Rao et al.) , 9 and ionic 
conductivity (Arends et al.) . 16 , 2 8 
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erature X-ray methods were satisfactory for determina-
tion of nucleation temperatures of the Fm3m phase. 
Growth of the Fm3m phase was slow, with considerable 
hysteresis and coexistence as previously discussed. 
The miscibility gap was determined and error bars 
c~30°C) are included to indicate the area within which 
the boundary between the single phase and two phase 
regions is probably located. Figure D-4, Appendix D 
contains several high-temperature X-ray patterns for 
the composition cs 0 _5 Rb0 _5 Cl. These patterns were 
determined at different temperatures to show develop-
ment of the high temperature CsCl phase and complete 
solid solution between Fm3m CsCl and RbCl. 
The room temperature solid solubility limits were 
determined with X-ray slow scans (2°28 per minute) to be 
less than 5% on the CsCl end and about 12% on the RbCl 
end. Interatomic spacings versus composition are shown 
in Figure 17. 
3. CsCl-CsBr 
Table VIII and Figure 18 show the event temperatures 
for this system. Figure 19 contains the results reported 
16 28 9,10 6 by Arends et al., ' Rao et al., and Wood et al. 
for the Pm3m + Fm3m transformation. 
The CsCl-CsBr system exhibits complete solid solution. 
The minimum in the liquidus is estimated to be at about 
40% CsBr and 620°C. 
51 
FIGURE 17 
CsCl-RbCl INTERATOMIC SPACINGS VERSUS COMPOSI-
TION. Data were determined from diffractometer 
slow scans (0.2° 28/min.), with Al 2o3 as an 
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Event Temperatures for the System CsCl-CsBr 
(Apache Chemical, Inc. Chemicals) 
a-S Transition S-a Transition Solidus Liquidus 
Composition Heating Cooling Heating Cooling 
( CsCl mole %) DTA X-ray DTA X-ray DTA X-ray 
100 477 471 446 465 - 653 
90.12 477 490 465 ( 505) 626 633 
80.00 495 487 489 ( 510) 624 628 
70.02 510 510 509 ( 520) 617 629 511 495 616 621 
60.02 535 535 527 (550) 611 615 5 32 535 613 623 
50.02 564 557 571 - 611 631 
600 ( 6 0 4) - 631 39.98 594 - - ( 612) 613 581 
600 626 19.95 - - - - 607 619 
9.98 - - - - 623 638 
V1 
0.00 636 N - - - - -
53 
FIGURE 18 
CsCl-CsBr PHASE DIAGRAM. Solidus and liquidus 
curves were determined by DTA. Transformation 
temperatures were determined by high-temperature X-ray 
diffraction and DTA. 


























































CsCl-CsBr PHASE DIAGRAM-LITERATURE. Transfor-
rnation temperatures were determined by DTA (Rao 
.6 910 et al.,Wood et a1.r'' and ionic conductivity 
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The Pm3m ~ Fm3m transformation temperature is in-
creased by addition of CsBr. The results agree closely 
with those of Rao et a1. 10 The transformation tempera-
tures are easy to determine because the Pm3m ~ Fm3m 
transformation remains nearly as energetic with added 
CsBr as in the pure CsCl. Examples of the DTA thermo-
grams for this system are contained in Appendix D, Figure 
D-5. 
Figure 20 is a plot of d 110 versus composition for 
the CsCl-CsBr system. The deviation from Vegard's rule 
(straight line) is minimal. This result agrees well with 
those of other investigations of this system. 10 , 44 
4. CsCl-NaCl 
This system has been reported by Zhemchuzhnui, 
et a1. 2 and Il'yasov et a1. 45 to form a simple eutectic 
diagram with no solid solution. The investigations 
reported no significant decrease of the Pm3m ~ Fm3m 
transformation temperature with addition of NaCl. Two 
samples were made by fusion to check experimentally the 
results reported in the literature. The composition and 
event temperatures of the samples are listed in Table IX 
and Figure 21. Liquidus results by Zhernchuzhnui et al. 
are also plotted for comparison. 
The liquidus results, based on only two points, 
indicate that there may be more curvature to the liquidus 
than reported by Zhemchuzhnui, a result in agreement with 
56 
FIGURE 20 
THE (110) INTERPLANAR SPACING OF CsCl-CsBr 
SOLID SOLUTIONS VERSUS COMPOSITION. The solid 
line represents Vegard's law and the closed 
circles are data points obtained from slow X-ray 


















-- Vegord'• Low 
60 80 






Event Temperatures for the Systems:* 
CsCl-NaCl, CsCl-KI, CsCl-Rbi, and CsCl-Csi 
System Composition a-S Transition S-a Transition Solidus Liquidus CsCl mole % Heating Cooling Heating Cooling 
CsCl-NaCl 97.63 473 457 500 642 
92.02 472 459 500 632 
CsCl-KI 95.08 300 - 564 617 
89.72 300 - 500 599 
70.00 303 - 424 520 
49.94 - - 433 498 
265 467 540 29.91 - 469 532 279 
8.74 - - 560 631 
0.00 - - - 679 
CsCl-Rbi 94.89 351 200 569 613 
90.55 306 158 527 613 Ul 
-...) 
TABLE IX (Cont.) 
System Composition a-S Transition S-a Transition Solidus Liquidus 
cscl mole % Heating Cooling Heating Coolinq 
69.93 35 7 418 490 559 352 396 485 553 
49.96 344 357 474 511 
29.99 300 489 557 - 492 552 
9.97 - - 545 610 
0.00 - - - 643 
CsCl-Csi 89.62 400 362 533 608 
69.94 404 360 494 547 
50.01 400 371 492 502 
29.27 407 374 494 558 
12.18 - - 525 596 
0.00 -
- - 640 




CsCl-NaCl PHASE DIAGRAM. Open circles are this 
work and closed circles are after Zhemchuzhnui 
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45 that of Il'yasov and Bergman. The eutectic reported 
by Il'yasov and Bergman is at 34% NaCl and 493°C. Ho\.;ever, 
the present investigation places the eutectic temperature 
The temperature of the Pm3m ~ Fm3m transition was 
determined at 472°, about 5° to 8°C below the transition 
temperature determined by DTA for pure Apache CsCl. This 
result indicates that there is a very limited solid 
solubility in this system (less than 0.5%) at the CsCl 
end. The sample, 92.02% CsCl, was X-rayed at high-temp-
eratures and the Pm3m ~ Fm3m transformation was observed 
to begin at 472°C. Zhemchuzhnui and Rarnbach 2 report 
a temperature of 451°C for the Pm3m ~ Fm3m transforrna-
tion across the diagram. 
5. CsCl-KI 
This system was investigated to determine the effect 
of KI on the CsCl transformation. The composition and 
event temperatures, determined by DTA, are listed in 
Table IX and shown in Figure 22. 
Russian investigators, 46 Il'yasov and Bergman, have 
investigated this system as part of the K, Cs I I Cl, I 
reciprocal system. The liquidus temperatures, as deter-
mined by visual observation of polythermals by Il'yasov 
and Bergman, are shown in Figure 22. 
In this system the decomposition reaction 
CsCl + KI ~ KCl + Csi 
61 
FIGURE 22 
CsCl-KI PSEUDO-BINARY DIAGRAM. Open circles 
represent DTA results of this work and dots 











































































































































is possible with the heat of decomposition favoring the 
KCl + Csi products by 2.865 Kcal. Thus one would expect 
the CsCl-KI system to be a pseudo-binary and the KCl-Csi 
system a true binary. Room temperature fast X-ray scans 
(2° 28/min) did indeed show the decomposition products 
KCl and Csi to be present across the diagram. 
It appears addition of KI, and the consequent 
presence of decomposition products Csi and KCl, lowers 
the transformation temperature to ~300°C. 
6. CsCl-Rbi 
This system, similar to the CsCl-KI system, was 
also investigated, with a few samples, to determine the 
effect of Rbi on the CsCl Pm3m ~ Fm3m transformation 
temperatures. Table IX lists the event temperatures as 
are shown in Figure 23. No comparable system was found 
in the literature. 
In this system the decomposition reaction 
CsCl + Rbi t Csi + RbCl 
is possible and the heat of decomposition favors the 
Csi + RbCl side by 1.41 Kcal. As in the CsCl-KI system, 
one would expect the Csi-RbCl system to be the stable 
62 
binary, with CsCl-Rbi being pseudo-binary. This was proven 
to be the case with room temperature X-ray scans, as 




CsCl-Rbi PSEUDO-BINARY DIAGRAM. The closed 
circles represent DTA results of this study. 
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Addition of Rbi, and the consequent presence of 
decomposition products Csi and RbCl, lowers the transfer-
mation temperature to about 300°C. 
An explanation of all of the event temperatures is 
not possible because of the cursory nature of investiga-
tion of the obviously complicated system. 
7. CsCl-Csi 
This system is of interest because Csi is isostruc-
tural with CsCl and CsBr and because CsBr additions 
raise the Pm3m ~ Fm3m transformation temperature, it 
was speculated that Csi would likewise raise the CsCl 
transformation temperature. 
The results of the preliminary investigation of 
this system are contained in Table IX and Figure 24. The 
47 
results reported by Il 1 yasov and Bergman for the 
liquidus are also shown in Figure 24 for comparison. 
The system was determined to form a eutectic at 47 mole 
percent Csi and 494°C. This compares to 47% Csi and 
502°C, determined by rl•yasov and Bergman. 
The Pm3m ~ Fm3m transformation was determined to 
be stabilized at 404° ± 4°C with additions of less than 
10 mole percent Csi. A transformation temperature could 
not be determined for the composition CsClO.l r 0 _9 even 
though room temperature X-ray data indicated a two phase 
region for this composition. 




CsCl-Csi PHASE DIAGRAM. The open circles 
represent DTA results of this study. The closed 
dircles represent visual sight data of Il'yasov 
47 and Bergman. 
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5% at the CsCl end and about 12% at the Csi end at 400°C., 
based on the shape of the solidus curves and the Pm3m ~ 
Fm3m transformation information. At best, five samples 
do not constitute an accurate picture of the phase equil-
ibrium in this system but do indicate the subsolidus 
phase fields which heretofore have not been reported. 
IV. DISCUSSION 
A. The Pm3m ~ Fm3m Transformation in CsCl 
The thermal expansion results of this study in-
dicated that there are no pre-transition effects existing 
below the a-B transformation at 47l°C. Wagner and 
. 5 L1ppert reported an anomalous increase in thermal ex-
pansion just below the transformation. Marlin et a1. 17 
also reported an increase in thermal expansion of CsCl 
below the transformation which he tentatively attributed 
12 to an increase in Schottky type defects. Menary et al. 
pointed out that pre-transition phenomena indicate a 
relationship between the two phases. That is, a crys-
tallographic axis of one phase may be related to the 
other. Single 
the results of 
12 
crystal measurements by Menary et al., 
.. .. 11 . . Poyhonen, and th1s work 1ndicate 
there are no important premonitory effects preceding the 
transformation and thus no apparent relationship between 
the two phases. 
There appears to be a slight difference in the 
thermal expansion behavior of the three measured inter-
planar spacings of the Pm3m phase in the transformation 
region. The d 110 thermal expansion rate decreases, d 111 
stays the same, and d 200 increases. The number of ex-
perimental points is sparse and more data points are 
needed for verification of these observations. One can 
postulate, however, that, as the CsCl a phase enters the 
67 
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transformation region, the thermal vibrations of the atoms 
may become increasingly anharmonic because of develop-
ment of the high-temperature s phase. The different crys-
tal planes would produce preferred vibration modes 
because of the density of atoms, strain, and surface 
energy effects of the presence of the second phase. 
48 Barnea and Post found the Debye-Waller isotropic temp-
erature factors of the Cs and Cl to be equal within ex-
perimental error at room temperature. An interesting 
experiment would be to determine if the isotropic temp-
erature factors for CsCl took on some anisotropic 
characteristics within the transformation temperature 
range. 
The B phase expands normally on heating above the 
transformation and on cooling down to the transformation 
temperature range. The thermal contraction, on cooling, 
of the B d 200 spacing is halted within the transforma-
tion region. Again this may be attributed to strain and 
surface energy interactions with the developing a phase. 
The coexistence of the two phases on heating and 
cooling is real and is a violation of the classical phase 
rule. The phase rule assumes that the two phases are 
completely independent. Thermodynamically, the free 
energy surfaces of two independent phases would intersect 
at a distinct angle at the transition 
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Free energy, G, is a function of the independent variables 
pressure, p, and temperature, T. Ubbelohde 49 points out, 
however, that additional terms must be included in the 
free energy expressions of each phase to account for contri-
butions from the internal surface energy a at the 1 2 
boundaries between domains of each phase and for the 
compressive or tensile energy x12 present when a domain 
of one phase is nucleated within the matrix of the parent 
phase. Thus 
Figure 25 shows the overlap of the free energy 
curves due to contributions from strain energy. The 
phase rule becomes: 
F = (C + 2) - p + L TI 
where En refers to the additional "degrees of freedom.'' 
These components, a and x, cause the thermal hysteresis 
loops present in CsCl phase development curves. On 
heating, the domains of the less dense B phase are 
growing under compression in a matrix of the a phase. 
Conversely, when a domains are forming in the 6 phase on 
cooling they are in tension. The components, a 12 and x 12 , 
on heating would not be expected to be the same as the 
components, a 21 and x21 , on cooling. The path of develop-
ment of the high temperature phase on heating, therefore, 
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FIGURE 25 
FREE ENERGY VERSUS TEHPERATURE. The free 
energy surfaces for two solids show a "smeared" 
intersection at the transformation temperature 
because of additional strain energy variables. 













would not be retraced on cooling. 
R d 39 . . ao an Rao, 1n the 1nvestigation of many 
reversible transformations, formulated two possible 
conclusions: 
(1) There is a relationship between thermal hysteresis 
and difference in volumes of the parent and transformed 
phase. The hysteresis loop area versus the molar volume 
change is nearly linear. 
(2) The thermal hysteresis is also related to 
strain energy. The strain energy is related to the change 
in molar volume and to the thermodynamic quantity ~T·~s. 
50 
Thomas and Stavely state 
" .•. the initial development of the new 
phase is hindered by the interface 
surface free energy and by the strain 
to which the growing nucleus is subject-
ed, so that the temperature at which the 
two phases have the same molar free 
energy outweighs the surface and strain 
effects and makes possible the appear-
ance, at an observable rate, of self-
propagating nuclei. 11 
The previous thermal history of CsCl apparently influences 
its thermal hysteresis behavior. As an example, the ob-
served Fm3m ~ Pm3m transformation temperatures for samples 
brought to fusion temperatures and then cooled in the 
DTA apparatus were 30°to 70°C below the Pm3m ~ Fm3m 
transition temperature observed on heating. In comparison, 
Fm3m ~ Pm3m transformation temperatures determined for 
samples heated to a few degrees above the transformation 
temperature, but not fused, and then cooled, were only 
72 
5°to 10°C below the Pm3m ~ Fm3m transformation temperature. 
The amount of mechanical strain introduced from the more 
dense, fused sample may "freeze" the high-temperature 
form. The difference in the defect concentration of the 
two samples must also be considered as a factor. The 
number of vacancies of the sample brought to fusion temp-
eratures would be much greater than the sample heated to 
a few degrees above the transformation temperature. 
The vapor pressure of CsCl is high, about 101mm at fusion 
temperatures and l0-3rnrn at 470°c, 51 indicating many more 
defects in the sample brought to fusion temperatures. 
The effects of impurities in solid-solid transforma-
tions have been investigated in several solids. Ubbelohde52 
stated that inclusion of impurities can narrow the 
hysteresis loop or "lubricates" the transformation. Thomas 
50 and Stavely made the statement that small amounts of 
impurities have relatively little effect on solid-solid 
transformations. Rao and Rao53 stated that the presence 
of impurities can effectively change the nature of the 
kinetics of the transformation. 
The effect of several impurities on the thermal 
hysteresis of CsCl has been studied by several investi-
gators.7,B,l6,28 Unfortunately, the reported results 
are not in agreement as to the starting temperature and 
width of the thermal hysteresis loops. It was of interest, 
therefore, to study the effect of KCl, RbCl, and CsBr 
additions on the thermal hysteresis of CsCl. 
73 
The results, as indicated by Figures 9, 10, and 11, 
demonstrate that impurities can greatly affect the 
hysteresis loop of the transformation. These results 
28 
can be compared to those of Arends et al., who measured 
the ionic conductivity of CsCl as a function of tempera-
ture and found thermal hysteresis behavior of ionic 
conductivity in the transformation region. The conduc-
tivity, o, of pure CsCl, cs_ 975 K_ 025 Cl, and cs_ 98 
Rb_ 02 Cl as a function of temperature is shown in Figure 
26 (after Arends et al.) . 28 
The intrinsic conductivity of an ionic crystal 
with Schottky defects as a function of temperature can 
be expressed by the relation: 
o (T) = A exp (-E/kT) 
The activation energy, E, can be determined from a plot 
of log -1 o versus T . The activation energy, E, consists 
of the energy, Ef' required for formation of vacancies 
plus the activation energy, Em' for ion migration: 
Arends et a1. 27 were able to make the following determina-
tion from conductivity measurements: 
E(Pm3m) = 1.34 ev 
E(Fm3m) = 1.67 ev 
= 96xl0- 6 ohm-l -1 em 
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FIGURE 26 
LOG CONDUCTIVITY VERSUS 1000/T (°K) FOR CsCl, 
cs 0 . 975 K0 _025 Cl, and cs 0 _98 Rb 0 _02 Cl. The 
closed circles represent heating and the open 
circles cooling data obtained by ionic conduc-
. . 28 t1v1ty measurements of Arends et al. The 
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Extending a method proposed by Mullen54 for calculation 
of Schottky defect formation energies and migration 
energy barriers in NaCl type alkali halides to the case 
75 
of CsCl type alkali halides, Arends 55 was able to calculate 
the EF and EM values for CsCl in the Pm3m and Fm3m 
structure. The results are shown below: 
E, EF' and EM Calculated and Experimental Values for 
CsCl in the Pm3m and Fm3m Structures (After Arends) 55 
Structure EF EM 
Calc. Exp. Calc. Exp. Calc. 
Pm3m 2.6 - .73 .64 1.7 
Fm3m 3.5 - 1.3 - 3 
Arends found that addition of K+ or Rb+ ions re-
duced the ionic conductivity activation energy, with 
small amounts of K+ having a greater effect than Rb+. 
This compares with the results obtained in the phase 
E 
equilibria portion of this study, in that small amounts 




erature more than small amounts of RbCl in solid solution. 
This would be expected if there is a relationship between 
vacancy formation and migration energies and the trigger-
ing mechanism of the Pm3m ~ Fm3m transformation, inasmuch 
+ + as K and Rb lower the activation energy for these 
+ processes. K has the greater effect because of its 
smaller size, and hence greater mobility in the Cs+ host 
lattice. 
Arends et a1. 28 also determined that addition of 
CsBr to CsCl increased the CsCl transformation temp-
erature and slightly decreased the width of the thermal 
hysteresis loop. The results of this study and of other 
. t• t• 6,10,20 h d . . 1nves 1ga 1ons s owe an 1ncrease 1n the CsCl 
transformation temperature additions of CsBr, and showed 
that the width of the thermal hysteresis loop closely 
compares with the width for pure CsCl. Arends et a1. 28 
stated that addition of CsBr does not change the ionic 
conductivity of the CsCl because the migration energy 
barrier for Cl is much less than for Br-. Arends 
assumed that Cl is the conducting ion in CsCl because 
the results of Laurent et al. , 56 obtained from self-
diffusion experiments, showed that, unlike other halides, 
the Cl ion was the conducting species in both poly-
morphic forms. 
The width of the CsCl hysteresis loop versus the 
addition of impurity MX is plotted in Figure 27. The 
DTA and ionic conductivity results of Weijma et a1. 16 
and the x-ray results of this study are shown in this 
plot. As has been previously discussed, the initial 
small additions of KCl have a larger effect on the CsCl 
76 
thermal hysteresis than small additions of RbCl. However, 
larger amounts of RbCl increase the vJidth of the CsCl 
hysteresis loop more than KCl because more RbCl (14%) 
goes into solid solution with CsCl than KCl (2%) at the 
transformation temperature. Beyond the two phase region 
77 
FIGURE 27 
THERMAL HYSTERESIS WIDTH VERSUS MOLE % MX. 
16 The data of Arends et al. represent hysteresis 
loop widths as determined from DTA and ionic 
conductivity measurements. The data for this 
work were obtained by high-temperature X-ray 
methods. The width of the hysteresis loop was 
measured when the high temperature phase was 
50% developed (see Figures 9 and 10) . 
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of the CsCl-KCl and CsCl-RbCl diagrams, further additions 
of impurity should not increase the width of the thermal 
hysteresis loops. However, it is difficult to determine 
the equilibrium width of the thermal hysteresis loops 
because, on cooling to lower temperatures, the Fm3m ~ 
Pm3m reaction is sluggish. 
Several attempts were made to recycle a CsCl-KCl 
or CsCl-RbCl sample through the transformation to deter-
mine if the hysteresis loop would retrace itself. It 
was found that lower onset temperatures for the trans-
formation were determined from the second and third 
cycles. The explanation for this is probably in the 
differences in vapor pressures of CsCl, KCl, and RbCl 
at the transformation temperatures. CsCl, with the 
higher vapor pressure, vaporized more rapidly from the 
surface of the sample, thus changing the effective 
composition of the diffracting portion of the sample 
to one richer in KCl or RbCl. 
It is apparent from the results of this investiga-
tion and of others, that the method employed to determine 
the CsCl phase transformation temperature is critical. 
Methods such as heating curves, ionic conductivity meas-
urements, and DTA techniques make use of a constant 
heating rate. The results from such methods usually 
indicate a Pm3m ~ Fm3m transformation te~perature that 
is about l0°C high, that is, about 480°C. This result 
4 (480°) was obtained by Korreng . ) 1 9,10 (heat1ng curves , Rao eta., 
79 
A e d t 1 16 ' 2 8 th . . . . r n s e a., 1s 1nvest1gat1on (DTA), and Felix 
et al.,
19 
and Arends et al., 16 ' 28 (ionic conductivity). 
The dynamic methods do not have the sensitivity necessary 
to detect the Fm3m phase immediately after nucleation. 
Static methods such as X-ray diffraction at constant 
temperature allow the high-temperature phase to nucleate 
6-8 
Thus, X-ray results by Wood et al., Menary and grow. 
12 
et al., Poyhonen et 11 al., and this investigation 
indicated a value of 468° ± 3°C for the transformation 
temperature. These results agree well with constant 
temperature calorimetric determinations by Smith et al.,
14 
and Arell et a1. 15 Their results were 470° ± 0.5°C. for 
the transformation temperature. Early investigators, 
Zhemchuzhnui et al.,
2 Sandonnini et al., 3 Keite1, 57 and 
Fajans et a1. 58 used a dynamic method, cooling curves, 
and determined the transformation temperature of CsCl 
These results are understandable 
because of thermal hysteresis effects. Similar results 
were obtained by this investigator by DTA on cooling. 
Another important variable in the CsCl transforma-
tion is the impurity level of .the CsCl. Small amounts 
of K+ and Rb+ ions lower the transformation temperature 
significantly. CsCl from Fisher Scientific Co. has 
significant K and Rb impurities (see Appendix A) and the 
resulting temperature, determined by DTA, for the Pm3m + 
Fm3m transformation on heating was 459°C. This is low 
by l0°C and may be lower because of the fact that trans-
formation temperatures by DTA are commonly high. 
The reasons for the Pm3m + Fm3m CsCl transforma-
tion at ordinary pressure have been the subject of 
speculation for many years. Tosi
59 lists several factors 
that influence the stability relationships between the 
two polymorphic forms. Lattice energy in units of e
2;R 
as a function of radius ratio R+/R- predicts, from a 
rigid ion model, that the Pm3m structure is stable in 
CsCl. The Madelung energy by itself favors the Pm3m 
structure for ionic solids since this structure has the 
largest Madelung constant. The nearest neighbor attrac-
tive interactions slightly favor the Fm3m structure in 
0 
CsCl since the Cs-Cl distance is 3.664 and 3.545 A for 
the Pm3m and Fm3m phases, respectively, at the trans-
formation temperature. However, the second nearest 
neighbor repulsive interactions strongly favor the 
Fm3m structure, as evidenced by the significant change 
in this distance accompanying the transformation. From 
80 
Appendix B we see that the Cs-Cs distance changes from 4.231 
0 
to 5.013 A, a 21.5% increase. On the other hand, van der 
Waals interactions favor the Pm3m structure. Tosi stated 
that lattice energy models cannot quantitatively predict 
the stability of the Pm3m or Fm3m structures but that 
such stabilities must be determined from experimental 
data. 








et al., 12 Rao et al.
9
'
10 indicate that defects in the 
form of Schottky vacancies play an important role in 
triggering the Pm3m + Fm3m transformation in CsCl. 
However, the actual mechanism of the transformation 
remains unknown. 
60 It has been proposed by Burger 
that the transformation occurs by a dilatational mechan-
ism. This transformation is characterized by a uniform 
distortion of the simple cubic lattice by extension of 
the structure along the [111] axis and contraction 
normal to this axis. The result is a change in primary 
coordination from 8 to 6 and distortion of the primitive 
cubic unit cell of CsCl to a rhombohedral cell with 
a= 60°, equivalent to a face centered cubic unit cell. 
Burger stated that there is no energy barrier for such 
a transformation because there is no intermediate 
coordination stage. The marked thermal hysteresis and 
region of coexisting phases, however, indicate that 
the mechanism for the transformation is more involved 
than a simple dilatation. 
B. Phase Equilibria 
Phase equilibria studies of fused salts are numerous 
in the literature; an excellent review of this field was 
d b . . 61 authore y R1cc1. Applications of fused salts in-
elude use in salt baths for special heat treatments and 
heat transfer media, in high-temperature electrochemical 
processes and as circulating solvents in reactors. Con-
sequently, the liquidus temperatures in binary, ternary, 
81 
and higher order systems have been investigated for many 
salt systems. The subsolidus regions, however, have not 
been investigated as extensively. Furthermore, CsCl 
in combination with other salts has not been investigated 
extensively for practical applications because of its 
high cost and undesirable properties, notably the high 
vapor pressure. However, phase equilibria studies of 
CsCl salt systems are of interest, technically, because 
of the effects other salts have on the CsCl phase trans-
formation. Phase equilibrium studies may help in the 
understanding of the mechanism of the CsCl transforma-
tion. 
Phase equilibria studies conducted as part of this 
investigation are divided into three groups for purposes 
of discussion: (1) CsCl-MCl, that is, CsCl with LiCl, 
NaCl, KCl, or RbCl, (2) CsCl-CsX, that is, CsCl with 
CsBr or Csi, and (3) CsCl-MX, that is, CsCl withKI or 
Rbi. This division allows us to consider the phase 
equi·libria of CsCl with compounds having (1) a common 
anion, (2) a common cation, or (3) no common ions. 
1. CsCl-MCl 
These systems, including CsCl-LiCl, which was not 
studied, demonstrate definite phase equilibria trends. 
cscl-LiCl This system has been studied by several 
82 
. . 4, 62 1nvest1gators. Discontinuities in the liquidus curve 
indicated 2:1 and 1:1 compound formation. This system 
contains a peritectic and an eutectic which was located 
at about 58% LiCl and 332°C. The solid solubility is 
probably very limited, indicated by the absence of 
reported change in the Pm3m ~ Fm3m transformation of 
CsCl. 
CsCl-NaCl Most of the information available on 
this system has been provided by Zhemchuzhnui et al. , 2 
and Il'yasov et a1. 45 This binary system is a simple 
eutectic diagram, with the eutectic at 34.5% NaCl and 
Solid solubility must be very limited as no 
reported changes occur in the CsCl transformation temp-
erature, reported as 451° and 455°C. 
From the very limited examination of this system by 
the author (two compositions) the following conclusions 
were reached. The eutectic temperature is 500° and the 
CsCl transformation temperature is 472°C. The solid 
solubility is apparently very small in this system, as 
the transformation temperature was found by DTA to be 
about 5°C lower than pure CsCl. Solid solubility is 
probably less than 0.5% in the end members. 
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• • • • 2 I 4 5 d h lt CsCl-KCl Prev1ous 1nvest1gat1ons an t e resu s 
of this study show an infinite solid solution series, 
indicated by liquidus and solidus curves. The minimum, 
located at 30% KCl and 608°C, agrees well with the lit-
erature. 
The lowering of the Pm3m ~ Fm3m transformation 
temperature to 315° ± l5°C with the addition of two 
percent KCl has not previously been reported; the high 
84 
temperature X-ray method used to determine the Pm3m ~ 
Fm3m transformation temperature, is, however, more 
sensitive than DTA and cooling curve techniques used 
by previous investigators. The limits of solid solubility 
appear to be less than two percent in either end member 
The miscibility gap within the Fm3m and Pm3m 
portions of the diagram had not previously been reported. 
The consolute point was determined at about 50% KCl 
as 
CsCl-RbCl Results of this investigation indicate, 
do other studies, 2 that an infinite solid solution 
series exists,at liquidus and solidus temperatures. The 
minimum, at about four percent RbCl and 640°C, is 
comparable with results of other investigations. 2 
The Pm3m ~ Fm3m transformation temperature was 
lowered to 260° ± l0°C with addition of 14% RbCl. Re-
7 8 
sults of investigations by Wood et al., ' and Chanh 
et al., 63 indicated a decrease of the transformation 
temperature with added RbCl and complete solid solution. 
However, they did not indicate limits of the mandatory 
two phase region necessitated by the phase transformation. 
Their results may have been based on non-equilibrium 
samples which had not been given the opportunity to 
unmix at room temperature before X-ray investigation. 
This study shows the limits of solid solubility 
at about 14% RbCl in CsCl and 12% CsCl in RbCl at the 
transformation temperature. The miscibility gap within 
the Fm3m and Pm3m region of the system, defined for the 
first time by this investigation, has a consolute point 
at about 50% RbCl and 470°C. 
Consideration of the CsCl-MCl series of systems 
discussed above leads to the following generalizations: 
(1) There is a trend from compound formation in the CsCl-
LiCl system to very limited solid solution in the CsCl-
NaCl system, to continuous solid solutions at liquidus 
temperatures in the CsCl-KCl and CsCl-RbCl systems. 
(2) The eutectic in the system CsCl-LiCl occurs at a 
much lower temperature (332°C) than the minimum in the 
CsCl-RbCl system (640°C) . (3) Solid solubility increases 
from the CsCl-LiCl to the CsCl-RbCl systems. All of 
these trends can be related to the differences in ionic 
radii of the cations and the consequent difference in 
lattice parameters. The differences in the lattice 
parameters of MCl halides and Fm3m CsCl at room temp-
erature are LiCl - 26.2%, NaCl - 18.8%, KCl - 9.4%, and 
RbCl - 5.2%. The CsCl lattice parameter at room temp-
0 
erature, 6.945 A, was determined by extrapolation from 
the linear thermal expansion results of the Fm3m CsCl 
phase. This value for lattice parameter agrees closely 
with the value 6.948 A of Meyerhoff et a1., 64 obtained 
from thin deposits of CsCl evaporated onto amorphous 
films at room temperature. 
The transformation temperature is lowered in the 
CsCl-KCl and CsCl-RbCl systems because of the increased 
solid solubility of these compounds with the high-temp-
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erature phase of cscl. The resulting miscibility gaps 
in the CsCl-KCl and RbCl systems are similar to 
miscibility gaps reported in other salt systems. For 
example, detailed studies have been made of the system 
NaCl-KCl, in which continuous solid solution exists 
just below the solidus curve, and a miscibility gap 
65 
was observed at lower temperatures. The difference 
in lattice parameters of NaCl and KCl is 10.4%. 
The results of this investigation of the CsCl-MCl 
series provide complete phase equilibria for these 
b . . . t' . 7-10 d'd
 
lnary systems. Prevlous lnves lgatlons l not 
indicate the solid solubility limits and the miscibility 
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gap in the Fm3m phase region of the CsCl-KCl and CsCl-RbCl 
diagrams. Published diagrams
2 
of these two systems in-
dicate continuous solid solution of KCl and RbCl with 
both the Pm3m and Fm3m phases of CsCl without defining 
a two phase region, which is an impossibility. 
2. CsCl-CsX 
T\vO systems, CsCl-CsBr and CsCl-Csi, were studied 
during this investigation with the CsCl-CsBr results 
being more thorough. CsBr and Csi are isostructural 
with Pm3m CsCl. 
CsCl-CsBr 
. . . 
d th 6,44,47 This lnvestlgatlon an o ers 
have shown this system to be a continuous solid solution 
series. The liquidus and solidus curves indicate that 
the system is nearly an ideal continuous solid solution. 
The minimum was located at about 40% CsBr and 620°C. 
Il'yasov and Bergman47 determined a minimum at 57.5% 
CsBr and 6l6°C. 
0 
CsBr, with a lattice parameter of 4.295 A, is 
apparently more soluble in the low-temperature phase of 
CsCl than the high-temperature phase because the Pm3m ~ 
Fm3m transformation temperature is increased with in-
creasing CsBr content, in agreement with results of 
previous investigations. 6 ' 16 , 20 , 28 The difference 
between the CsCl and CsBr lattice parameters is 4.4%. 
CsCl-Csi Five compositions were formulated for 
cursory studies in this system. Only liquidus tempera-
tures have been reported in the literature; 47 the 
interesting subsolidus relations apparently have not 
been investigated. 
Liquidus and eutectic results of Il'yasov and Berg-
man47 agree well with this investigation. Unlike the 
CsCl-CsBr system, there is only limited solid solubility 
with the limits at less than 10% at the CsCl end and 
12% at the Csi end. Also, in contrast to the CsCl-CsBr 
system, the transformation temperature is lowered by 
the addition of 10% Csi to 404° ± 4°C. 
The difference between the lattice parameters of 
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the Pm3m Csi and CsCl phases is 10.8% at room temperature. 
It appears that Csi is more soluble in the Fm3m phase 
of CsCl than in the Pm3m phase since the transformation 
temperature is lowered by the presence of Csi. Ho'I..Yever, 
this would not be expected on structural grounds because 
Csi has the Pm3m structure. 
Apparently the difference in lattice parameters 
within the CsCl-CsX systems has a large influence on the 
resulting phase equilibria. The 4.4% difference 
between CsCl and CsBr allows a continuous solid solution 
series to be formed. However, the 10.8% difference 
between CsCl and Csi requires limited solid solution and 
a eutectic. In the CsCl-CsBr continuous solid solution 
the Pm3m phase tends to be stabilized and the trans-
formation temperature is raised. In the CsCl-Csi 
eutectic system the Csi apparently "adopts" the Fm3m 
structure of the CsCl host lattice at high temperatures 
more readily than the Pm3m CsCl host lattice at low 
temperatures. Other considerations such as stability 
of the compounds, melting points, the heats of fusion, 
and interactions in the liquid state are probably in-
volved. 
3. CsCl-!>1X 
Two systems, CsCl-KI and CsCl-Rbi, were investi-
gated in a cursory fashion and much more work is needed. 
These systems are defined as reciprocal, mixtures of 
salts containing at least two cations and two anions. 
A reciprocal chemical reaction can be considered in 
the system A+, B+, X , Y-: 66 
AY(liq} + BX(liq) AX (liq) + BY(liq}. 
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• I d f • • • 67 If this system is ideal according to Temk1n s e 1n1t1on, 
the free energy change, ~G, chemical potential change, 
~~,or the enthalpy change, ~H, for the above equilibrium 
reaction must be zero and all binaries AX-BX, AX-AY, 
AY-BY, and BX-BY form ideal solutions. These require-
ments are not satisfied in real systems. The stable 
pair formed in such reciprocal systems is that with 
the largest negative ~G or, as an approximation, the 
89 
largest ~H. In examination of many reciprocal systems Thomas 
68 
et al. found that in nearly all cases the stable 
pair consisted of the salt containing the smallest anion 
and cation and the salt containing the largest anion 
and cation. 
CsCl-KI This system was studied cursorily to 
determine the effects of addition of KI on the trans-
formation temperature. However, heat of formation data 
indicate that Csi and KCl form the stable binary pair 
of this reciprocal system. Thus fusion of a CsCl and 
KI mixture results in a decomposition reaction with 
Csi and KCl products. The CsCl transformation temp-
erature was lowered by the presence of Csi and CKl to 
300°C, according to DTA results. This temperature seems 
reasonable since KCl decreases the transformation temp-
erature to 315° and Csi decreases it to 404°C. 
There is limited solid solubility in this pseudo-
binary, with less than 15% at the KI end. The liquidus 
results of this study are comparable with results of 
46 
Il'yasov and Bergman. 
CsCl-Rbi As in the case of the CsCl-KI system, the 
CsCl-Rbi system is pseudo-binary,with Csi-RbCl being 
the stable binary pair. Thus fusion of mixtures of 
CsCl and Rbi resulted in the decomposition products, Csi 
and RbCl. The presence of Csi and RbCl decreases the 
transformation temperature to 300°C or lower. The 
extent of the decrease cannot be determined from the 
limited DTA investigation. 
Solid solubility within this system exists, as 
indicated by the decrease of the transformation temp-
erature, but the extent was not determined. Comparison 
of the liquidus temperatures to other results was not 
possible, as none could be found in the literature. 
Further investigations by high-temperature X-ray 
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and DTA are needed on more samples to delineate the 
stability fields in the CsCl-MX series of pseudo-binaries. 
It would be of interest to investigate the reciprocal 
pairs to delineate subsolidus phase equilibria for the 
entire reciprocal system. 
V. CONCLUSIONS 
Thermal expansion of Pm3m CsCl is normal to the 
transformation with no observable premonitory effects. 
Expansion of the Fm3m phase of CsCl is normal after 
development. The thermal expansion of these two phases 
can be defined by the following equations for the lattice 
parameters: 
ao (Pm3m) = 4.1200 + 1.8428xl0- 4T + 1.052lxl0-7T 2 
a 0 (Fm3m) = 6.9298 + 3.4600xl0-
4T 
Thermal expansion of both phases is affected within the 
transformation region by the developing second phase. 
The Pm3m ~ Fm3m transformation of pure CsCl begins 
The transformation is characterized by 
significant thermal hysteresis behavior, with both phases 
co-existing over a temperature range on heating and 
cooling, until one phase is fully developed. The width 
of the thermal hysteresis loop for pure CsCl is about 
Thermal hysteresis of CsCl is caused by strain 
energy developed between the high and low temperature 
phases of CsCl during the transformation. 
Additions of impurities, KCl, RbCl, CsBr, Csi, KI, 
and Rbi, affect the phase transformation and thermal 
hysteresis characteristics of CsCl. Additions of about 
2% KCl and 14% RbCl lower the transformation temperature 
to 315° and 260°C, respectively. The width of the 
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hysteresis loop is greatly enlarged by these additions, 
with KCl producing the greatest initial effect. However, 
with larger additions, RbCl widens the CsCl hysteresis 
loop more than KCl, as more RbCl goes into solid solu-
tion with CsCl than does KCl. 
Addition of CsBr to CsCl raises the transformation 
temperature to the solidus temperature at about 6l0°C 
and about 65% CsBr. The width of the thermal hysteresis 
loop remains relatively unchanged with these additions. 
The Pm3m ~ Fm3m transformation is probably in-
fluenced by defects in the form of Schottky vacancies. 
Addition of impurities, KCl and RbCl, lowers the migra-
tion energy barriers to these vacancies, while CsBr 
effectively raises the vacancy migration energy barriers 
because Br diffuses more slowly than Cl-. 
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Phase equilibria for the systems CsCl-KCl, CsCl-RbCl, 
and CsCl-CsBr were delineated in detail. The CsCl-KCl 
diagram shows limited solid solution in the Pm3m CsCl ss 
KCl portion of the diagram and extensive solid solution 
ss 
in the Fm3m cscl -KCl portion, with a miscibility 
ss ss 
gap. The CsCl-RbCl diagram is similar to the CsCl-KCl 
system, with more solid solubility of RbCl in both the 
Pm3m and Fm3m phases of CsCl. This is in contrast to 
the CsCl-NaCl system in which solid solubility is very 
limited in all subsolidus regions. 
The CsCl-CsBr system is a continuous solid solution 
series at all temperatures. Inspection of the CsCl-Csi 
system showed a eutectic with limited solid solubility, 
even though Csi is isostructural with CsCl and CsBr. 
From observed CsCl phase equilibria one can conclude 
that differences in lattice parameters between the end 
members of more than about 10% result in eutectic 
systems with limited solid solubility; differences of 
less than about 10% in lattice parameters result in 
continuous solid solutions, at least at solidus temp-
eratures. 
Reactions of CsCl with KI or Rbi result in forma-
tion of the decomposition products, Csi with KCl or RbCl. 
Thus CsCl-KI and CsCl-Rbi are pseudo-binaries and are 
part of reciprocal systems. The CsCl transformation is 
greatly lowered (to 300°C) in these systems because of 





Analyses of Chemicals used for Phase Equilibria Samples 
TABLE AI 
(1) Spectrochemical Analyses 
Impurity 
KCl (a) KCl (b) CsBr(a) CsCl (a) CsCl (a) 
(Fisher) (Apache) (MC&B) (Fisher) (MC&B) 
Ag FT - FT FT LlO 
Al - 0.01 
As - 0.5 
Ba 8 3.0 8 LlO L5 
Be LlO 
Ca 20 0.5 30 40 2 
Co - 0.01 
Cs 100 - vs vs VS 
Cu - 0.05 
Fe - 0.5 - - - \0 Ul 
TABLE AI (Cont.) 
Impurity 
KCl (a) KCl (b) CsBr(a) CsCl (a) CsCl (a) 
(Fisher) (Apache) (MC&B) (Fisher (MC&B) 
K vs -- 500 500 10 
Li L5 0.5 20 20 Ll 
Mg 100 0.1 FT LlO LlO 
Mn -- 0.05 
Na 50 1.0 (2000) (2000) 50 
Ni -- 0.01 
Pb -- 0.1 
Rb LlOOO -- 1% 1% L5 
Sr L5 3.0 
Zn -- 0.01 
(a) Spectrochemical analysis by Argonne National Laboratory. Code: FT - faint 
trace, L = Less than, = element not determined, ) accuracy uncertain. 
Estimated accuracy of results is a factor of two. 
\0 
0'1 
(b) Lot analysis by Apache Chemical Corporation. Total impurity level specified not 
to exceed 10 ppm. 
(2) Manufacturers Specification 
Chemical Purity Specification Manufacturer(c) 
CsCl 99.999% Apache 
KCl 99.999% Apache 
RbCl 99.9% Apache 
RbCl 99.9% ROC/RIC 
KI 99.9% Apache 
Rbi 99.9% Apache 
CsBr not stated MC&B 
CsBr 99.9% Apache 
CsCl 99.9% Fisher 
CsCl 99+% MC&B 
1.0 
-..J 
(c) Chemical Suppliers 
1. Apache Chemicals, Inc., Rockford, Illinois 
2. Matheson Coleman & Bell, New York, New York 
3. Fisher Scientific Company, Fair Lawn, New Jersey 




Thermal Expansion Data for CsCl 
The tables included in this appendix contain raw 
and calculated data gathered and based on high temp-
erature X-ray diffraction runs made on the Argonne 
platinum resistance strip-heater described in the text, 
pages 10-12. 
The lattice parameters, d-spacings, nearest neighbor 
distances, molar volume (V), density (p), internal energy 
(Ex), and percent change in nearest neighbor distances are 
calculated from the raw 2e values. 
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TABLE BI 
Raw 29 and d-spacing Data on Heating for the Pm3m (LT) 
(110), (111), (200) and Fm3m (HT) (200) Lines 
Temp. 28 29 28 2'? 
d110 LT d111 LT d200 LT d200 FIT oc 110 LT 111 LT 200 LT 200 HT 
22 30.65 37.79 43.90 - 2.9168 2.3805 2.0623 
25 - 37.80 43.91 - - 2.3799 2.0619 
100 30.53 37.63 43.71 - 2.9280 2.3899 2.0695 
150 30.46 37.53 43.63 - 2.9345 2.3964 2.0745 
150 - 37.54 43.64 - - 2.3958 2.0740 
200 30.37 37.43 43.52 - 2.9430 2.4026 2.0794 
250 30.28 37.33 43.38 - 2.9516 2.4088 2.0858 
300 - 37.22 43.25 - - 2.4156 2.0919 
300 30.20 37.22 43.26 - 2.9592 2.4156 2.0913 
350 30.10 37.09 43.11 - 2.9688 2.4238 2.0983 




TABLE BI (Cont.) 
Temp. 28 28 28 28 
d110 LT d111 LT d200 LT d200 HT oc 110 LT 111 LT 200 LT 200 HT 
450 29.90 36.83 42.84 - 2.9882 2.4403 2.1109 
455 29.88 36.84 42.82 - 2.9902 2.4397 2.1118 
460 29.87 36.83 42.80 - 2.9912 2.4403 2.1127 
463 29.87 36.81 42.79 - 2.9912 2.4416 2.1132 
465 29.87 36.81 42.78 - 2.9912 2.4416 2.1137 
467 29.88 36.80 42.78 - 2.9902 2.4422 2.1137 
469 29.85 36.81 42.78 - 2.9931 2.4416 2.1137 
471 29.86 36.79 42.75 25.12 2.9921 2.4429 2.1151 3.5449 
475 29.85 - 42.73 25.09 2.9931 - 2.1160 3.5491 
475 29.87 - - 25.10 2. 9 912 - - 3.5477 
480 29.87 - - 25.11 2.9912 - - 3.5463 
490 29.86 - - 25.08 2.9921 - - 3.5505 




Temp. 28 28 28 
oc 110 LT 111 LT 200 LT 
520 - - -
525 - - -
550 - - -
575 - - -
600 - - -
625 - - -
TABLE BI (Cont.) 
28 

























Calculated CsCl Pm3m and Fm3m Structural Variables 
Based on Raw Data of TABLE BI 
Temp. °C a Cs-Cl Cs-Cs Vesel Px EXl Cs-Cl Cs-Cs 0 % % 
22 4. 12 4 4 3.571 4.124 70.16 3.987 -149.54 0.00 0.00 
100 4.1397 3.585 4.140 70.94 3.940 -148.95 0.39 0.39 
150 4.1499 3.594 4.150 71.4 7 3.910 -148.58 0.64 0.63 
200 4.1607 3.603 4.161 72.03 3.880 -148.21 0.90 0.90 
250 4.1724 3.613 4.172 72.64 3.847 -147.80 1.18 1.16 
300 4.1841 3.623 4.184 73.25 3.815 -147.39 1. 46 1.45 
350 4.1979 3.635 4.198 73.98 3.778 -146.91 1. 79 1. 79 
400 4.2093 3.645 4.209 74.58 3.747 -146.50 2.07 2.06 
450 4.2250 3.659 4.225 75.42 3.706 -145.94 2.46 2.45 
455 4.2254 3.659 4.225 75.44 3.705 -145.94 2.46 2.45 
460 4.2273 3.661 4.227 75.54 3.700 -145.86 2.52 2.50 












































TABLE BII (Cont.) 
Vesel px EX1 
cs-C1 Cs-Cs 
% % 
75.62 3.696 -145.82 2.55 2.55 
75.60 3.697 -145.82 2.55 2.52 
75.68 3.693 -145.78 2.58 2.57 
75.74 3.690 -145.74 2.60 2.59 
89.10 3.137 -144.15 -0.72 21.56 
75.79 3.687 -145.70 2.63 2.62 
89.51 3.122 -143.94 -0.59 21.73 
75.70 3.692 -145.78 2.58 2.57 
89.15 3.135 -144.11 -0.70 21.56 
75.75 3. 6 89 -145.74 2.60 2.59 
89.62 3.118 -143.86 -0.53 21.77 
89.67 3.117 -143.82 -0.50 21.80 
89.94 3.107 -143.70 -0.42 21.92 
89.94 3.107 -143.70 -0.42 21.94 1--' 0 
~ 
Temp. °C a Cs-Cl Cs-Cs 0 
550 7.1226 3.561 5.036 
575 7.1308 3.565 5.041 
600 7.1365 3.568 5.046 
625 7.1958 3.573 5.052 
TABLE BII (Cont.) 
Vesel Px EXl 
90.33 3.094 -143.50 
90.65 3.083 -143.34 
90.86 3.076 -143.22 

















Raw 28 and d-spacing Data on Cooling for the 
Pm3m (LT) (110), (111), (200) and Fm3m (HT) (200) Lines 
Temp. 28 28 
dllO LT d200 HT oc 110 LT 200 HT 
520 - 25.08 - 3.5505 
500 - 25.09 - 3.5491 
490 - 25.10 - 3.5477 
480 - 25.09 - 3.5491 
470 - 25.09 - 3.5491 
465 29.89 25.13 2.9892 3.5436 
460 29.89 25.12 2.9892 3.5449 
460 29.88 25.13 2.9902 3.5436 
458 29.88 25.13 2.9902 3.5136 
454 29.91 25.14 2.9872 3.5422 













































Calculated CsCl Pm3m and Fm3m Structural Variables 
Based on Raw Data of Table BIII 
Temp. °C a Cs-Cl Cs-Cs Vesel Px EXl 0 
520 7.1010 3.551 5.020 89.52 3.122 -143.90 
500 7.0982 3.549 5.018 89.41 3.126 -143.98 
490 7.0954 3.548 5.016 89.30 3.130 -144.02 
480 7.0982 3.549 5.018 89.41 3.126 -143.98 
470 7.0982 3.549 5.018 89.41 3.126 -143.98 
465 4.2267 3.660 4.227 75.51 3.701 -145.90 
7.0872 3.544 5.011 88.99 3.141 -144.19 
460 4.2267 3.660 4.227 75.51 3.701 -145.90 
7.089 3.545 5.012 89.09 3.137 -144.15 
460 4.2281 3.662 4.228 75.59 3.697 -145.82 




TABLE BIV (Cont.) 
Temp. °C a Cs-Cl Cs-Cs Vesel px EXl 0 
458 4.2281 3.662 4.228 75.59 3. 69 7 -145.82 
7.0872 3.544 5.011 88.99 3.141 -144.19 
454 4.2239 3.658 4.224 75.36 3.709 -145.98 
7.0844 3.542 5.009 88.89 3.144 -144.27 
450 4.2226 3.657 4.223 75.29 3.713 -146.02 
7.0844 3.542 5.009 88. 89 3.144 -144.27 
450 4.2226 3.657 4.223 75.29 3.713 -146.02 
7.0872 3.544 5.011 88.99 3.141 -144.19 
445 4.2239 3.658 4.224 7 5. 36 3.709 -145.98 
7.0872 3.544 5.011 88.99 3.141 -144.19 
440 4.2216 3.656 4.222 75.24 3.714 -146.06 
7.0872 3.544 5.011 88.98 3.141 -144.19 
435 4.2198 3.654 4.220 75.14 3.719 -146.14 
7.0872 3.544 5.011 88.99 3.141 -144.19 f-' 
0 
\D 


































Phase Equilibria in the Systems CsCl-KCl and 
CsCl-CsBr; Compositions Prepared in Open Quartz Crucibles 
1. CsCl-KCl 
The first set of phase equilibria samples prepared 
for the system CsCl-KCl were prepared from Fisher 
Scientific Co. chemicals and brought to fusion temperatures 
in fused quartz open crucibles. The compositions and 
fusion temperatures used in this series are listed in 
Table CI. The fusion temperatures, 750° to 900°C, pro-
duce high vapor pressures in halides, especially those 
with large ions such as CsCl. The reported vapor pressure 
for CsCl and KCl at 800°C is 14mm and O.Bmm respectively.
51 
The difference in vapor pressure, 13.2mm, is large 
enough to produce a change in composition from that 
intended. However, short fusion times, seven to 12 
minutes, were used in preparation of these compositions 
in order to minimize compositional changes. The weight 
loss due to vaporization of these samples ranged from 
3.3 to 29 mg. at these temperatures. 
The event temperatures as determined by high-temp-
erature X-ray diffraction, DTA, and visual sight are 
listed in Table CII The CsCl-KCl phase equilibria dia-
grams for the above described samples are given by Figures 
C-land C-2. 
As can be seen, the diagrams are similar to the 
diagram previously described for the Apache Chemical CsCl-
TABLE CI 
CsCl-KCl Compositions and Fusion Temperatures(a) 
(Samples prepared in open fused quartz crucibles) 
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Sample No. Composition (mole %) Fusion Temp. 
1 99.51 rv750 
2 99.00 'V750 
3 98.03 755 
4 96.00 'V750 
5 94.07 754 
6 90.04 753 
7 86.05 751 
8 82.04 751 
9 74.02 'V750 
10 70.01 755 
11 65.99 rv750 
12 59.98 748 
13 49.97 808 
14 39.94 842 
15 29.85 818 
16 24.00 'V750 
17 19.74 865 
18 14.03 'V750 
19 12.00 'V750 
20 9.51 900 
21 8.02 rv800
 
22 4.32 rv800 
23 2.00 'V825 
(a) Fisher cscl (99.9%) and Fisher KCl were used 
in sample preparation. 
(b) Samples were not annealed. 
TABLE CII 
Event Temperatures for the System CsCl-KCl 
(Fisher Scientific Co. Chemicals} 
a.-8 Transition 8-a. Transition Pm3m + Fm3m Solidus Liquidus ss ss 
-+ Fm3m 
ss 
Heating Cooling Heating Heating Cooling 
Composition Visual Visual 
(CsCl mole %} DTA X-ray DTA x-ray DTA Sight DTA Sigh
t 
100 459 - 420 - -
- 646 647 
99.51 447 - - - 628 
645 655 647 
99.00 433 - 397 -
622 - 648 
98.03 398 - - - 61
4 - 633 
96.00 388 - - -
619 - 645 
94.07 329 




- 628 632 
90.04 330 - - -
612 623 629 629 
86.05 317 325 - 413 
603 - 622 
82.04 318 - - -
602 621 619 624 f-' f-' 
w 
TABLE CII (Cont.) 
a-S Transition S-a Transition Pm3m + Fm3m Solidus Liquidus ss ss 
-+ Fm3m 
ss 
Heating Cooling Heating Heating Cooling 
Composition Visual Visual 
(CsCl mole %) DTA X-ray DTA X-ray DTA Sight DTA Sight 
74.02 347 - - - 600 613 622 617 
70.01 335 324 - 485 600 - 602 
65.99 335 591 
616 613 622 
- -
- 615 619 
59.98 320 310 - 495 603 - 614 
49.97 331 320 - 525 600 612 614 617 
39.94 329 317 - 540 603 629 653 664 
29.85 324 325 - 550 606 643 669 6 82 
24.00 323 - - - 607 - 707 
19.74 328 315 - 520 610 - 708 







(CsCl mole %) DTA X-ray 
12.00 320 310 
9.51 - -
8.02 - 322 
4.32 - 329 
0.00 - -
TABLE CII (Cont.) 






































CsCl-KCl PHASE DIAGRAM. Samples prepared in 
open crucibles. 
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CsCl-KCl PHASE DIAGRAM. Visual sight data. 





































KCl system, pages 36 to 43. However, it is to be 
noted from the isoplethal studies that the tempera
tures 
for the reaction Fm3m CsCl + Fm3m KCl ~ Fm3m ss a
re 
ss ss 
nearly lOOoc higher than those previously described
 for 
the CsCl-KCl system (Apache Chemicals) . The difference 
may be attributed to the higher impurity level in t
he 
Fisher Scientific chemicals used in preparation of 
this diagram (see Appendix A). The impurities may 
retard the diffusion processes necessary to drive t
his 
reaction. It is to be noted also that this serie
s of 
samples was not annealed prior to measurement. 
The limits of solid solubility are shown to be 
greater in diagrarnC-1 than was shown in the Apache 
CsCl-
KCl diagram. X-ray data are lacking for the end m
ember 
samples in this Fisher CsCl-KCl diagram; thus the 
solid 
solubility may not be as high as shown. 
Figurec-2 represents data obtained by visually 
sighting on pressed CsCl-KCl pellets heated at a d
ynamic 
heating rate of about l.5°C per minute in a tube fu
rnace. 
The specimens were placed on a platinum sheet and 
a 
Pt/Pt-13% Rh thermocouple was used to monitor the 
temp-
erature. 
The liquidus temperature results as shown in Figure
 
c-2are comparable to the liquidus curves of Figure
s ll 
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and c-1. However, the solidus temperatures are con
sistently 
higher, indicating that the visual method is not a
s sensi-





The first set of samples prepared for this system 
was also prepared by fusion in open fused quartz cruci
bles. 
The chemicals used were furnished by Matheson, Coleman
, 
and Bell. Table CTII list the compositions used in this
 
system; the compositions were fused at temperatures in
 
excess of 650°C and then air quenched. 
TableCIVlists the event temperatures as determined 
by DTA. The resulting phase diagram is illustrated by
 
Figure C-3. The data shown in this diagram, resulting 
from 
MC&B chemicals, compare favorably with those obtained 
for the CsCl-CsBr, Apache Chemicals, diagram shown on 
page 53. However, the Pm3m ~ Fm3m transformation are 
lower for the MC&B CsCl-CsBr compositions. The liquidu
s 
temperatures for the two diagrams are comparable. 
TABLE CIII 
CsCl-CsBr Compositions(a) (b) (c) 
(Samples prepared in open fused quartz crucibles) 











(a) CsCl 99. + % and CsBr from Matheson, Coleman, 
and Bell were used to prepare samples. 
(b) Samples were not annealed. 
(c) Fusion temperatures in excess of 650°C were 
employed for sample preparation. 
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TABLE CIV 
Event Temperatures for the System CsCl-CsBr(a) (Matheson, Coleman, and Bell Chemicals) 
Composition a-S Transition S-a Transition Solidus Liquidus 
(CsCl mole %) (Heating) (Cooling) (Heating) (Cooling) 
100.00 484 473 638 649 
93.99 485 466 638 637 
89.98 481 462 635 
637 
80.00 492 477 623 
623 
70.01 500 523 608 
632 
60.00 508 521 597 
635 
50.00 524 551 589 
610 
40.03 571 5 76 609 
610 
29.99 572 - 594 
613 




0.00 - - -
645 
1-' 





CsCl-CsBr PHASE DIAGRAM. Samples prepared 
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APPENDIX D 
DTA Thermograms and X-ray Patterns of Selected 
Compositions in the Systems CsCl-KCl, CsCl-RbCl, and CsCl-CsBr 
Typical DTA thermograms and high-temperature X-ray 
scans of the CsCl-KCl, CsCl-RbCl, and CsCl-CsBr systems 
are contained in this appendix. The event temperatures 
necessary for the construction of the binary phase 
diagrams in this study were determined from thermograms 
and X-ray scans. DTA thermograms were used to determine 
transformation and solidus temperatures on heating and 
liquidus and transformation temperatures on cooling. 
The high-temperature X-ray technique was employed for 
determination of transformation temperatures, thermal 
expansion, and limits of solid solubility. 
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FIGURE D-1 
THERMOGRAMS FOR SELECTED COMPOSITIONS IN THE 
SYSTEM CsCl-KCl. Traces show transition and 
solidus temperatures on heating and liquidus 
and transition temperatures on cooling. See 
text pp. 36-43. 


















HIGH TEMPERATURE X-RAY DIFFRACTION PATTERNS 
AT SELECTED TEMPERATURES FOR THE COMPOSITION 
cs 0 . 5 K0 _5 Cl. See text pp. 42-43. 






































THERMOGRAMS FOR SELECTED COMPOSITIONS IN THE 
SYSTEM CsCl-RbCl. See text pp. 43-48. 
451 
Cs0.96 Rb0.04 Cl 421 
c'o.86Rb0.14 Cl 
357 













HIGH TEMPERATURE X-RAY DIFFRACTION PATTERNS FOR 
SELECTED TEMPERATURES FOR THE COMPOSITION 





























THERMOGRAMS FOR SELECTED COMPOSITIONS IN THE 
SYSTEM CsCl-CsBr. See text pp. 50-55. 














1. W. Klement and A. Jayaraman; pp. 289-376 in Progress 
in Solid State Chemistry, Vol. 3. Edited by H. 
Reiss. Pergamon Press, Oxford, 1966. 
129 
2. S. Zhemchuzhnui and F. Rambach, "Melting of the Alkali 
Chlorides," Z. anorg. Chern., 65,403-28 (1910). 
3. C. Sandonnini and G. Scarpa, "Thermal Analysis of 
Binary Mixtures of the Chlorides of Monovalent Ele-
ments IV," Atti reale accad. Lincei, Sez. II, 21 
[5] 77-84 (1912). 
4. E. Korreng, "The Binary System LiCl-CsCl," z. anorg. 
Chern., 91, 194-208 (1915). 
5. G. Wagner and L. Lippert, "Polymorphic Transformation 
in a Simple Ionic Solid. I. Investigation of the 
Transormation of CsCl to the NaCl-Lattice by 
Heating," Z. physk. Chern., B 31,263-74 (1936). 
6. L. J. Wood, W. Secunda, and c. H. McBride, "Reactions 
Between Dry Inorganic Salts. IX. The Effect of 
Common Ions on the Transition Temperature of CsCl," 
J. Amer. Chern. Soc., 80,307-12 (1958). 
7. L. J. Wood, C. Sweeney, and Sr. M. T. Derbes, 
"Reactions Between Dry Inorganic Salts. X. The 
Effect of Rubidium Chloride on the Transition 
Temperature of CsCl," J. Amer. Chern. Soc. , 8~ 614 8-
52 (1959). 
8. L. J. Wood, G. J. Rinconalla, and J. D. Laposa, 
"Reactions Between Dry Inorganic Salts XI. A Study 
of the Fm3m -+ Pm3m Transition in CsCl-RbCl Mixtures," 
J. Phys. Chern., 65, 377-78 (1961). 
9. K. J. Rao, G. V. S. Rao, and C. N. R. Rao, "Pm3m -+ 
Fm3m Transformatipn of Alkali Halides and the Bor~ 
Hayer Model," Trans. Farad. Soc., 63, 1013-22 (1967). 
10. M. Natarajan, K. J. Rao, and C. N. R. Rao, "Pm3m-+ 
Fm3m Transformation of Alkali Halides. Solid Solu-
tions of CsCl with KCl, CsBr, ~rCl2," Trans. Farad. 
Soc. 66, 2497-502 (1970). 
11. J. Poyhonen and A. Ruuskanen, "X-ray Investigation . 
of the Transition of CsCl at 469°C," Ann. Acad. Sc1.. 
Fennicae, Ser. A VI, No. 146,1-12 (1964). 
12. J. W. Menary, A. R. Ubbelohde, and I. Woo
dward, 
"The Thermal Transition in Cesium Chloride in R
e-
lation to Crystal Structure," Proc. Royal Soc. 
A208, 158-69 (1951). ' 
13. C. E. Kaylor, G. E. Walden, and D. F. Smi
th, "High 
Temperature Heat Content and Entropies of Cesiu
m 
Chloride and Cesium Iodide," J. Phys. Chern., 64
 
276-8 (1960). 
14. D. F. Smith, C. E. Kaylor, G. F. Walden, 
A. R. 
Taylor, Jr., and J. B. Gayle, "Construction, 
Calibration, and.Qperation of Ice Calorirnaters," 
U.S. Bureau of Mines, Rept. Invest. 5832, 1-20 (1961). 
15. A. Arell, M. Roiha, and M. Aaltonen, "Dire
ct 
Determination of the Transition Energy of CsCl
 at 
470°C," Phys. Kondens. Materie, ~140-44 (1967). 
130 
16. H. Weijrna and J. Arends, "The Phase Transition in 
CsCl Mixed with CsBr, RbCl, and KCl," Phys. St
atus. 
Solidi, 35,205-10 (1969). 
17. Z. Marlin and J. Trenunel, "An Electron D
iffraction 
Study of the Phase Transformation of Cesium Ch
loride," 
Acta Phys. Hung., 21, [2] 129-36 (1966). 
18. Z. Merlin, "On the Kinetics of the Phase 
Transformation of 
CsCl-Crystals," Acta Phys. Hung., 24, [2-3] 277-81 
(1968). 
19. F. W. Felix and K. Meier, "Rare Gas Diffu
sion in 
Neutron Irradiated CsCl and Csi," Phys. Status
. 
Solidi, 32, [2] Kl39-42 (1969). 
20. L. L. Makarov, A. S. Aloi, and D. Y. Stup
in, "Effect 
of Cesium Bromide on the Phase Transition of C
esium 
Chloride as Studied by Emanation," Radiokhirniy
a, 
11, [1] 116-19 (1969). 
21. F. Lantelrne and J. Pauly "Measurement of 
the Activity 
of s35 Produced in CsCl by Irradiation with Ne
utrons. 
Application to the Study of the Allotropic Tra
ns-
formation of CsCl," Cornpt. Rend., 249,677-9 (1959). 
22. w. w. Harpur and A. R. Ubbelohde, "Condu
ctance Mech-
anisms and the Thermal Transition in Cesium Ch
loride," 
Proc. Roy. Soc., Al6~ 310-19 (1955). 
23. I. M. Hoodless and J. A. Morrison, "Ionic
 Transport 
and Crystallographic Transition in Cesium Chlo
ride," 
J. Phys. Chern., 66, 557-59 (1962). 
131 
24. P. J. Harvey and I. M. Heedless, "Self-diffusion 
and 
Ionic Conductivity in Single Crystals of Cesium 
Chloride," Phil. Mag., 16,543-51 (1967). 
25. Z. Merlin, "The Electrical Conductivity and the 
Phase Transformation of Cesium Chloride," Acta 
Phys. Hung., 21 [2] 137-47 (1966). 
26. I. Gaal, Z. Merlin, and I. Tarjan, "On the Kinetics 
of the Phase Transformation of CsCl Crystals II," 
Acta Phys. Hung., 27,25-33 (1969). 
2 7. J. Arends and H. Nijboer, . "Ionic Conductivity of 
CsCl," Solid State Commun., 2,163-65 (1967). 
28. J. Arends and H. Nijboer, "The Ionic Conductivity 
of CsCl Doped with K+, Rb+, and Br-," Phys. Status. 
Solid:, 26,537-42 (1968). 
29. J .H. Maurer and R.J. Ackermann, "A High-Temperature, 
Controlled Atmosphere X-Ray Diffraction Attachment," 
Argonne National Laboratory Report, ANL-7257. 
(1967). 
30. X-ray Powder Data File, Sets 1-5 (Revised), Amer-
ican Society for Testing Materials, Philadelphia 
(1960). 
31. American Institute of Physics Handbook HcGra'>'l-Hi
ll 
Book Company, Inc. New York, 1957. 
32. c. A. Sorrell and R. J. Ackermann, Unpublished da
ta. 
33. c. Frondel, "The System of Jl1ineralogy, Vol. III;" 
pp. 117-9, Silica Minerals, Wiley, New York, 1962. 
34. H. E. Swanson and E. Tatge, "Standard X-Ray Diffr
ac-
tion Powder Patterns," Nat. Bur. Stand. (U.S.) Circ. 
No. 539, Vol. I,p. 37 (1953). 
3 5. w. Campbell, "Thermal Expansion of Magnesium Oxid
e: 
An Interlaboratory Study," U.S. Bureau of Mines, 
Rept. Invest. 6115. (19 6 2) . 
36. H. E. Swanson and R. E. Fuyat, "Standard X-Ray 
Diffraction Powder Patterns," Nat. Bur. Stand. 
(U.S.) Circ., No. 539,Vol. II,p. 44 (1953). 
3 7. L. Brewer and E. Brackett, "The Dissociation Ene
rgies 
of Gaseous Alkali Halides," Chern. Rev., 61, 425-32 
(1961). 
132 
38. J. M. Christian and D. W. Lynch, "Linear Thermal 
Expansion Coefficient of the NaCl Phase of cscl," 
J. Chern. Phys., 40,248 (1964). 
39. K. J. Rao and C. N. R. Rao, "Crystal Structure 
Transformations of Alkali Sulphates, Nitrates and 
Related Substances: Thermal Hysteresis in Rever-
sible Transformations," J. Mat'l. Sci., 1, 238-48 
(1966). -
40. M. P. Tosi, p. 45 in Solid State Physics, Vol. 16. 
Edited by F. Seitz and D. Turnbull. Academic 
Press, New York, (1964). 
41. J. P6yh6nen and K. Mansikka, "The Transition Energy 
for the Polymorphic Transition of CsCl, 11 Phys. 
Kondens. Haterie,1_,218-26 (1965). 
42. S. P. Clark, Jr., "Effect of Pressure on the Melting 
Points of Eight Alkali Halides," J. Chern. Phys., 
31, 1526-31 (1959). 
43. ..T. hT. Johnson, P. A. Agron, and M. A. Bredig, "Holar 
Volume and Structure of Solid and Molten Cesium 
Halides," J. Amer. Chern. Soc., 77,2734-7 (1955). 
44. M. Ahtee, "Lattice Constants of Some Binary Alkali 
Halide Solid Solutions," Ann. Acad. Sci. Penn., 
Ser. A IV, 313, 1-11 (1969) . 
45. I. I. Il'yasov and A. G. Bergman, "Melting Points 
in the Cs, K, Na I j Cl Ternary Syste.rn," Zhur. Neorg. 
Khim., 7 695-6 (1962). Russ. J. Inorg. CheM., 
?_, 3 55 { 19 6 2 ) • 
46. I. I. Il'yasov and A. G. Bergman, "The K. cs! jcl, I 
System," Zhur. Neorg. Khim., (1969). Russ. J. 
Inorg. Chern., 14,887-8 {1969). 
47. I. I. Il'yasov and A. G. Bergman, "Ternary Reciprocal 
Systems of Cadmium, Cesium, Potassium, and Sodium 
Halides," Zhur. Neorg. Khim., 9,1416-22 {1964). 
(Russ. J. Inorg. Chern., 2_,768-71 (1964). 
48. z. Barnea and B. Post, "Debye-Waller Factors of 
cesium Chloride," Acta Cryst., 21,181-2 (1966). 
bb 1 hd "Thermal Transformations in Solids," 49. A. R. U e o e, 
Quart. Rev. 11, 246-72 {1957). 
50. D. G. Thomas and L. A. K. Stavely, "Hysteresis in 
Transitions in Solids," J. Chern. Soc., 1420,2572-79 
(1951). 
133 
51. Hand~ook of Chemistry and Physics, 50th edition, 
Ed1ted by R. C. Weast, The Chemical Rubber Company, 
Cleveland, pp. D-140-45 1969-70. 
52. A. R. Ubbelohde, "Molecular Movements and Phase 
Transitions in Solids," J. Chim. Phys., g,33-42 (1966). 
53. C. N. R. Rao and K. J. Rao, "Phase Transformations 
in Solids," Prog. Solid State Chern., i_, 131-85 (1967). 
54. J. G. Mullen, "Theory of Diffusion in Ionic Crysta
ls," 
Phys. Rev., 143,658-62 (1966). 
55. J. Arends, "Defect Formation Energies and Migration
 
Energy Barriers in Cesiwn Halides," Phys. Status. 
Solid:, 24,Kl29-31 (1967). 
56. J. F. Laurent and J. Benard, "Self-diffusion of Ion
s 
in Single Crystals of Potassium Halides and of 
Alkali Chlorides," J. Phys. Chern. Solids, ]_, 7-19 
(1957). 
57. H. Keitel, "The Ternary Systems KCl-LiCl-RbCl and 
KCl-RbCl-CsCl," Neues Jakrb. Mineral Geol. Beil.-Bd., 
52A,378-423 (1925). 
58. K. Faj ans and H. G. Grimm, "Molecular Volumes of 
Alkali Halides," Z. Physi~~' 299-308 (1920). 
59. M. P. Tosi; pp. 68-74 in Ref. 38. 
60. M. J. Buerger; pp. 183-211 in Phase Transformation
s 
in Solids, Edited by R. Smoluchowski, J. E. Mayer, 
and W. A. Weyl. John Wiley and Sons, New York, 1951. 
61. J. E. Ricci; pp. 239-363 in Molten Salt Chemistry,
 
Edited by M. Blander. Interscience Publishers, 
Div. of John Wiley & Sons, New York, 1964. 
6 2. T. W. Richards and ~"J. B. Meldrum, "The Melting Poi
nts 
of the Chlorides of Lithium, Rubidium, and Cesium, 
and the Freezing Points of Binary and Ternary 
Mixtures of These Salts, Including also Potassium 
and Sodium Chloride," J. ALler. Chern. Soc., 39,1816-28 
(1917). -
63. N. B. Chanh and B. L. Pelissac, "X-ray Diffractio
n 
study of the Systems cscl-RbCl and CsBr-RbBr," Bull. 
soc. Fr. Mineral. Cristallogr., 91,13-19 (1968). 
64. v. K. Meyerhoff and J. Ungelenk, "The Polymorphs 
of Cesium Chloride in Evaporated Films," Acta 
cryst. 12,32-4 (1959). 
65. A. J. H. Bunk and G. W. Tichelaar, "Investigations 
in the Systems NaCl-KCl," Koninkl. Ned. Akad. 
Wetenschep. Proc. Ser. B, 56,375-84 (1953). 
66. M. Blander; pp. 197-8 in Ref. 61. 
67. Ibid; pp. 130-35. 
68. E. B. Thomas and L. J. I'Iood, "A Study of Some 
Reactions Between Dry Inorganic Salts III," J. 
Amer. Chern. Soc., 58, 1341-44 (1936). 
134 
VITA 
John David Weyand was born August 13, 1939 in 
Faulkton, South Dakota. He received his elementary and 
secondary education in that community. 
He attended college at the South Dakota School of 
Mines and Technology, Rapid City, South Dakota, receiv-
ing a B.S. degree in Geological Engineering, June 1961. 
In August, 1964, he received an M.S. degree in Ceramic 
Engineering from the University of Missouri-Rolla, Rolla, 
Missouri. 
He was employed as a Jr. Geologist by the Shell Oil 
Company, Casper, Wyoming, during the summer of 1961. The 
Minnesota Mining and Manufacturing Company, St. Paul, 
Minn., employed him as a ceramic engineer during the period 
September, 1962 to April, 1966. He was then employed by 
the Battelle Memorial Institute, Columbus, Ohio, as a 
ceramic engineer until September, 1968. 
From September, 1968 to August, 1971 he has been 
continuing his graduate studies in the ceramic engineering 
department of the University of Missouri-Rolla. During 
that time he has held a National Science Foundation 
Pre-Doctoral Traineeship. 
He is a member of the American Ceramic Society, 
National Institute of Ceramic Engineers, Tau Beta Pi, 
Keramos, and Sigma Xi. 
135 
